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Abstract 
Resource partitioning within the ecological niche space in which there is a high 
level of overlap between species can alleviate the tendency toward competitive exclusion.   
When competitive ability is asymmetrical due to predation or other ecological factors, it 
may be more effective for the less competitive species to lessen direct competition by 
contracting their use of local resources.  Species occurring in mixed assemblages may 
come into direct contact with each other throughout their respective breeding seasons.  
Where competition for breeding habitat and acoustic space exists, the level of 
interference is expected to vary widely, depending upon the ecological and breeding 
similarities between the species involved and the relative importance of the resource.  In 
this study, I investigated the breeding season interspecific interactions of two species of 
ranid frog in eastern North America, the American bullfrog (Rana catesbeiana) and the 
green frog (R. clamitans).  The ecological and behavioral similarities between these 
species combined with phylogenetic relatedness and comparable natural distributions 
make them an ideal system for studying interspecific dynamics related to their breeding 
ecology.  Specifically, I examined the influence bullfrogs have on the breeding behavior 
of green frogs over several timescales, including physical avoidance of encounters      
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through counter movements of green frogs away from bullfrog territories, an adjustment 
of green frog microhabitat use, and green frog avoidance of acoustic masking by 
bullfrogs.  I found that green frogs defend territories and lay eggs closer to shore than 
bullfrogs.  Also, both green frog territories and eggs are under heavier overhead cover 
than bullfrog eggs and territories.  I found green frogs respond to bullfrog chorusing on a 
fine temporal scale by placing their calls between the notes of bullfrog calls.   
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Chapter 1 
Microhabitat partitioning of breeding green frogs (Rana clamitans)  
and bullfrogs (R. catesbeiana) 
 
Abstract 
North American bullfrogs (Rana catesbeiana) and green frogs (R. clamitans) are 
broadly sympatric and are often found together in permanent breeding ponds throughout 
the summer months.  They have very similar mating systems, with males defending 
territories used for egg laying.  This similarity in breeding ecology creates a potential for 
interspecific competition for breeding space.  In addition, the much larger adult bullfrogs 
are potential predators of juvenile and adult green frogs.  I studied the interspecific 
interactions between adults of these species to better understand the influence of 
heterospecifics on microhabitat choice.  Calling and oviposition sites were characterized, 
using distance from shore, water depth, and relative amount of overhead cover, over three 
breeding seasons.  In a mixed-species pond, I found that green frogs defend territories 
and lay eggs closer to shore than bullfrogs.  Also, both green frog territories and eggs are 
under heavier overhead cover than bullfrog eggs and territories.  Green frog eggs are 
placed in shallower water than are bullfrog eggs. When green frogs are not syntopic with 
bullfrogs, their territories are farther from shore than those of green frogs in mixed-
species ponds.  Green frog mated pairs in mixed-species ponds place their eggs 
significantly closer to shore and under more overhead cover than do pairs in single-
species ponds.  Territorial male green frogs and mated pairs are therefore shifting to more 
protected microhabitat when sharing ponds with bullfrogs. 
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Introduction 
The competitive exclusion principle dictates that two similar species utilizing a 
habitat in similar ways leads to the exclusion of one of the species (Grinnell 1914, Hardin 
1960, Jaeger 1974).  Resource partitioning within ecological niche space such that there 
is a low level of overlap between species can alleviate the tendency toward exclusion.  
When closely related species with similar behavior and ecology occupy the same habitat, 
differences in general ecological preferences may be obscure (MacArthur 1958).  
Effective partitioning of habitat resources, such as physical space, can be vital to the 
continued presence of competing species in that habitat (MacArthur 1958, Alford and 
Wilbur 1985, Polis et al. 1989, Belk and Lydeard 1994, Almany 2004).  But when 
competitive ability is asymmetrical due to predation or other ecological factors, it may be 
more effective for the less competitive species to lessen direct competition by contracting 
their use of local resources. Contraction of resource use by the less competitive species 
should reduce competition to an equilibrium level that allows for the co-existence of the 
pair, rather than complete exclusion of the less competitive species from the common 
habitat. 
Evaluating habitat based not only on physical characteristics, but also on the 
presence of heterospecifics, is one option animals use to avoid competitors and predators 
(Robertson 1996) or to find potential breeding sites (Kappes 1997, Mönkkönen and 
Forsman 2002).  Several characteristics of microhabitat, such as substrate type and  
amount of cover, play an important role in decreasing interspecific conflict (Krzysik 
1979) and reducing contact with predators (Hairston 1980).  The actual amount of 
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microhabitat overlap between two species contributes to the distribution and persistence 
of each species in that area (Krzysik 1979, Martin 2001, Harwood and Obrycki 2005) and 
the territories they will occupy (Tolimieri 1995, Kappes 1997, Griffis and Jaeger 1998, 
Vehanen 2006, Segurado and Figueiredo 2007).  For example, Erigoninae (Lynyphiidae) 
spiders can reduce interspecific competition for prey when they lower the height of their 
webs in habitats with a larger Linyphiinae (Linyphiidae) species, with no increase in their 
own mortality rate (Harwood and Obrycki 2005).  Likewise, syntopic freshwater turtles 
with similar microhabitat and food needs can flourish when they employ slightly different 
foraging behavior and diet preferences (Segurado and Figueiredo 2007).  Where 
interspecific competitive interactions exist, interference is expected to vary widely, 
depending upon the ecological and breeding similarities between the species involved 
and the relative importance of the resources.   
Pressure from competitive heterospecifics can be compounded by predator-prey 
interactions between the species.  Species that compete at one life stage may often be 
engaged in predator-prey interactions at another life stage.  Population growth and 
survival, as that seen between syntopic poeciliid fishes (Martin 2001) and ranid frogs 
(Hecnar and M’Closkey 1997), would likely be modulated by any complex 
competitor/predator relationships between and within age classes and species. 
For territorial animals with a prolonged breeding season, the presence of a 
heterospecific that is both a predator and a competitor presents a serious problem that 
may signal a need for some spatial separation (Harwood and Obrycki 2005).  In some 
anuran groups, females choose mates partly on territory quality, particularly when 
oviposition site characteristics influence offspring mortality or success.  When a male is 
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holding a high quality territory, shifting to a less desirable territory to distance himself 
from a neighbor may negatively impact his overall reproductive success for that season.  
This is because while he is reducing the likelihood of a predation event and reducing 
competition for food, he also may reduce his chances of attracting a mate.  Because many 
anurans are territorial for some portion of their lives, usually during the breeding period 
(Wells 2007), they are well-suited for behavioral studies of competition and predatory 
impacts.  Given the complexity of anuran breeding ecology and the vast body of literature 
on larval ecology, it is somewhat surprising that studies of how the presence of breeding 
male anurans of one species influence mate acquisition and/or egg deposition in a 
heterospecific are lacking (Wells 2007).   
American bullfrogs (Rana catesbeiana) have been introduced all over the world, 
usually to serve as food for humans (Bury and Whelan 1984), and they have now been 
implicated in the declines of populations of smaller native ranids in all areas of 
introduction (Moyle 1973, Lannoo et al. 1994, Kupferberg 1997, Kiesecker et al. 2001, 
Pearl et al. 2004, Wu et al. 2005).  Yet in their native range, bullfrogs coexist with 
smaller ranid species, including green frogs (R. clamitans), mink frogs (R. 
septentrionalis), and leopard frogs (R. pipiens) (Stewart and Sandison 1972, McAlpine 
and Dilworth 1989, Courtois et al. 1995), even though bullfrogs are competing with and 
preying on these smaller frogs.  In a study in Canada, experimental removal of bullfrogs 
from mixed-species ponds resulted in increased population size of the smaller ranids in 
the assemblage (Hecnar and M’Closkey 1997).  This suggests that bullfrogs have a 
strong, direct impact on populations of smaller frogs and therefore potentially on the 
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distributions of other anuran species.  My study examines mechanisms that allow for 
coexistence of green frogs and bullfrogs in their natural range. 
American bullfrogs (R. catesbeiana) and green frogs (R. clamitans) share native 
ranges and breeding seasons, are ecologically similar, and often occupy the same 
breeding ponds throughout the summer months (Wells 1977, Howard 1978a, Collins and 
Wilbur 1979).  Their larvae compete intensely for resources (Werner 1991) and they 
spend a prolonged but variable period of time in the pond before metamorphosis (Collins 
1979, Lannoo 2005).  Because anuran larvae are aquatic and herbivorous, but adults are 
terrestrial and carnivorous, these species experience a change in competitive interactions 
throughout ontogeny.  Therefore the outcome of larval interactions is influenced strongly 
by aquatic ecological factors, namely, community structure (Werner 1991) while adult 
interactions are affected by terrestrial ecological factors.  Tadpole predators, both 
invertebrate and vertebrate, can be present in any combination, depending on abiotic and 
biotic pond characteristics.  In particular, dragonfly (Odonata) larvae tend to feed more 
heavily on bullfrog larvae than on green frog larvae, because bullfrog larvae are more 
active foragers than green frogs.  This activity makes bullfrog tadpoles very conspicuous 
and more likely to swim past the sit-and-wait odonate predators.  On the other hand, 
bullfrog larvae are more successful than green frog larvae when fish are present, because 
fish are more serious predators on odonates than on bullfrog tadpoles.  Conversely, green 
frog larvae are vulnerable to fish predation.  Green frog larvae grow faster and survive at 
higher rates in ponds without fish than they do in ponds with fish (Werner 1991, Werner 
and McPeek 1994, Werner and Anholt 1996).  This species pair then has a change in their 
interactions after metamorphosis; post-metamorphic bullfrogs are predators of juvenile 
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and adult green frogs (Stewart and Sandison 1972, McAlpine and Dilworth 1989, Werner 
et al. 1995) (Fig. 1). 
Adult males of both species establish territories that contain suitable oviposition 
sites, and they advertise to attract females and defend territories from other males.  
Bullfrogs and green frogs require submerged and emergent vegetation as an egg-
attachment substrate, which keeps the eggs at the water surface while the embryos 
develop (Wells 1977, Howard 1978a).  There are descriptive studies indicating that green 
frogs and bullfrogs use somewhat different microhabitats for calling and oviposition 
(McAlpine and Dilworth 1989, Courtois et al. 1995). Green frogs select a wider range of 
ponds than do bullfrogs, sometimes occupying sites that dry up periodically, as well as 
ponds with heavier vegetative cover than those used by bullfrogs (Collins and Wilbur 
1979, Skelly et al. 1999).  Consequently, ponds containing green frogs alone are 
relatively common, whereas most ponds that contain bullfrogs also contain green frogs.   
There are relatively few quantitative analyses of microhabitat use within ponds by calling 
males or egg-laying pairs for either species individually or for the two together 
(McAlpine and Dilworth 1989, Courtois et al. 1995). 
I investigated the influence of bullfrogs on oviposition sites and territories of 
syntopic green frogs.  In natural settings where these species co-occur, they reproduce 
successfully, with females sometimes producing two clutches of eggs in a summer 
(Howard 1978a, Wells 1976).  This suggests that green frogs manage to coexist with 
bullfrogs by reducing the likelihood of competition and predation.  Here I describe and 
compare some characteristics of ponds, territories, and oviposition sites for these frogs.  I 
predicted that green frog males sharing breeding ponds with bullfrogs would choose 
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territories closer to shore, in shallower water, and under heavier overhead cover than in 
ponds lacking bullfrogs.  I also expect that green frog mated pairs will choose oviposition 
sites closer to shore, in shallower water, and under heavier overhead cover than in ponds 
lacking bullfrog.  By choosing territories and oviposition sites with characteristics that 
fall outside the range of those preferred by bullfrogs, green frogs may reduce competition 
and protect themselves from bullfrog predation.  
 
Methods 
The main  study pond, Caleb’s Pond (Fig. 2), is an open canopy man-made pond, 
50 x 25 meters, located in a hayfield in Lebanon (41˚41’17” N, -72˚12’30” W), New 
London County, Connecticut.  It was dug in the 1950s and at its center is approximately 4 
meters deep.  The pond is spring-fed at its southeast corner and along its south edge and 
artificially drained at its northeast corner, such that a constant water level is maintained 
throughout the year. The open-pipe drain flows into a swamp located 30 meters northeast 
of the pond.  Pond flora includes common cattail (Typha angustifolia), various sedges 
(Cyperaceae), bulrushes (Cyperaceae), white and yellow pond lilies (Nymphaceae), and 
watershield (Ludwigia palustris).  Pond fauna include brown bullhead catfish (Ameiurus 
nebulosus) and various sunfish species including bluegill (Lepomis macrochirus). Also 
present are snapping turtles (Chelydra serpentina), green frogs (Rana clamitans), 
bullfrogs (R. catesbeiana), a few pickerel frogs (R. palustris), and northern water snakes 
(Nerodia sipedon). Invertebrates include crayfish (Cambaridae), dragonfly larvae 
(Odonata), and predaceous diving beetles (Dytiscidae).   
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The pond is ringed by both woody and non-woody plants (Fig. 3), including 
autumn-olive (Elaeagnacus umbellate), multiflora rose (Rosa multiflora), sweet 
pepperbush (Clethra alnifolia), and sheep laurel (Kalmia angustifolia).  Perennial 
wildflowers on shore include goldenrod (Solidago spp.), milkweed (Asclepias spp.), 
spirea (Spirea tomatosa) and aster (Aster spp.). 
Caleb’s Pond was mapped using the GPS receiver “TOPCON HiPer Lite+” 
measuring in single-base real-time kinematic (RTK) mode with nominal accuracy of 1 
cm, absolute.  The coordinates of the entire perimeter of the pond were recorded at 
regular increments and a map of the pond edge was created.  Numbered reference stakes 
were placed three meters apart along the entire shoreline.  Pond depth was mapped along 
a transect line using the reference stakes as a starting point and the center of the pond as 
the imaginary farthest end of the line.  At each 10 cm change in depth, distance from the 
stake was recorded and a general map of depth characteristics for the pond was 
generated.   
Approximately 30 meters east-northeast of the study pond is a pond of similar 
size and age with somewhat deeper edges.  This pond is also artificially drained into the 
low swamp located on its west edge.  Its flora and fauna are similar to those of the study 
pond.  Both bullfrogs and green frogs inhabit this pond, but at lower densities than in the 
main study pond. 
In order to identify individual frogs, I captured, measured, sexed, photographed 
and uniquely marked each animal via injection of a soft visible alphanumeric tag 
(following Buchan et al. 2005, Northwest Marine Technology Inc.) under the skin of the 
inner left thigh.  This tagging system eliminates the need for toe-clipping, which reduces 
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potential stress or infection for the frogs, as well as disruption of their natural behavior.  
The study subjects were measured for body length (snout to vent) using a custom tool 
consisting of a narrow length of smooth wood with a short clear metric ruler permanently 
mounted to it and a peg fixed at the zero mark.  Each subject was set on the ruler with its 
vent at the peg, gently held with its body against the ruler and measured to the nearest 
millimeter.  A digital photograph (Canon Powershot A120) of the dorsal surface of each 
individual was taken to facilitate visual identification.   
All surveys were conducted after civil twilight.  Surveys consisted of a systematic 
search of the pond perimeter for the presence of calling males or egg masses.  A 75 mm 
diameter, floating ring was placed on the water so that the male, or egg mass, was in the 
center of the ring.  An overhead digital photo containing the entire perimeter of the ring 
with contents was recorded (Canon Powershot A120).  The physical characteristics of the 
oviposition and calling sites were recorded, including water depth, and distance to shore.  
Water depth for egg masses was measured at the edge of the mass that was closest to 
shore.  Depth was measured with a fiberglass rod with 10 cm increments marked on the 
surface of the rod.  The distance to shore was measured from the center of each male’s 
back or the leading edge of the egg mass to the nearest edge of the pond using a 
carpenter’s laser measuring tool (Stanley FatMax Tru-Laser).   
Based on the survey information gathered in Caleb’s Pond in 2005, I extended 
these methods into thirteen additional ponds (10 mixed-species, 3 single-species) located 
in northeastern Connecticut in order to compare ponds with green frogs alone and those 
with both green frogs and bullfrogs.  The fourteen ponds are all physically distant from 
each other and they are a mix of man-made and natural ponds.  They are all of different 
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shapes and sizes, ranging from about 10m across the widest point to over 30 m across.  
Some of the natural ponds are over 10,000 years old, having been established since the 
retreat of the glaciers in Connecticut, and some are relatively young and man-made.  
Besides size and shape, ponds varied in vegetation structure, depth, and amount of open 
water.  The main study pond, Caleb’s Pond in Lebanon, CT, was surveyed extensively in 
2005, 2006, and 2007.  Each of the comparative ponds was surveyed at least once during 
the 2005-2008 summer months. 
Overhead cover was calculated by ranking the photos of male territories and egg 
mass sites for relative amount of vegetation above the water surface and within the 
floating ring.  Photo evaluations for these were recorded during two consecutive evenings 
in 2005 in Caleb’s Pond as this pond was large enough to need two nights to complete 
this type of full survey.  The surveys of the 13 remaining ponds were completed in one 
night each.  The area within the floating ring was assigned a value of 1(up to 25% cover) 
through the maximum rank of 4 (over 75% cover) based on the amount of cover evident.  
Shore distance measurements and overhead cover rankings between pond types were 
statistically compared using Mann-Whitney-U tests (Siegel and Castellan 1988).   
 
Results 
Caleb’s Pond is a typical New England farm pond with a deep center and shallow 
edge.  Water depth is fairly regular along the edge of the pond, gently sloping away from 
shore with the exception of the eastern edge which has a steep drop-off (Fig. 4).  For both 
2006 and 2007, territorial males of the two species used most of the shallow areas along 
the shoreline of Caleb’s Pond, but did not use the deeper central area of the pond.  
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  Bullfrog males in Caleb’s Pond defended territories across a broad range of 
distances from the pond edge from immediately adjacent to the shoreline to as far as 4 m 
out (Fig. 5 and 6).  Most bullfrog territories had very little overhanging vegetation 
(category 1) (Fig. 7).  Out of the 29 territories given a rank of 1 (0-25% cover), none was 
more than 10% covered by vegetation.  Only one (2.8%) bullfrog territory out of the 36 
photographed in Caleb’s Pond was ranked as having more than 75% overhead vegetation. 
Green frog males defended territories across the same range of distances from the pond 
edge as bullfrogs (Fig. 5 and 6).  Median distance from shore (bullfrog = 0.51 m, green 
frog = 0.36 m) is not statistically different (Wilcoxon-Mann-Whitney p = 0.2358).  Green 
frogs had heavier overall vegetative cover over their territories (for example see Fig. 5) 
than did bullfrogs (Fig. 7) (Wilcoxon-Mann-Whitney p = 0.0019).  Of the 45 green frog 
territories photographed, only 44% (20) had less than 25% overhead cover and the 
remaining 56% (25) were evenly divided by rank.   
Bullfrog pairs placed their eggs within 0 to 1.78 m of the pond edge, with most 
masses (72.8%) placed within 1.0 m (median = 0.35 m) of the pond edge (Fig. 8).  Green 
frog pairs place their eggs across the same range of distances used by bullfrogs, with 
most (70%) within 1.0 m of shore with a median of 0.48 m.  Green frog egg mass shore 
distances were not significantly different from bullfrog eggs (Wilcoxon-Mann-Whitney p 
= 0.1788).  The depth of water in which egg masses were placed in 2005 differed 
significantly between the species (Fig. 9) (Wilcoxon-Mann-Whitney p = 0.0043).  Green 
frogs used a much narrower range of depths, preferring shallow water for their eggs, with 
a maximum water depth of 0.28 m and a median of 0.16 m.  Green frogs in Caleb’s Pond 
laid eggs in sites with much more overhead cover than did bullfrogs (Fig. 10) (Wilcoxon-
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Mann-Whitney p = 0.0031).  While more than 90% of bullfrog pairs placed their eggs in 
microhabitat that contained little or no overhead cover, green frog pairs placed their eggs 
under overhanging vegetation.   
To evaluate green frog microhabitat characteristics in ponds with and without 
bullfrogs, the data from Caleb’s Pond were combined with the 13 other ponds in which 
surveys were conducted.  There were several green frogs that defended territories more 
than 2 m from shore in mixed-species ponds (Fig. 11).  However, of the 79 territorial 
male green frogs found in mixed-species ponds, most of these males (73, 92%) were less 
than 1.6 m from shore and more than half (48, 60.8%) were less than 0.5 m from shore, 
with a median distance to shore of 0.30 m.  This was not significantly different from the 
distance of bullfrog territories to shore (Wilcoxon-Mann-Whitney p = 0.0853).   
Territorial male green frogs in single-species ponds occurred across a wide range of 
distances from the shoreline (Fig. 11).  Compared to the 60.8% of green frogs in mixed 
species ponds, only 9 (24.3%) green frog males in single-species ponds were less than 0.5 
m from shore.  Male green frogs in single-species ponds had a median distance to shore 
of 0.93 m.  When in ponds containing bullfrogs, green frog males defended territories 
located significantly closer to shore than when bullfrogs were absent (Figure 11) 
(Wilcoxon-Mann-Whitney p <0.0001).   
Overhead cover for green frog territories was greater in ponds without bullfrogs 
than in those with bullfrogs (Wilcoxon-Mann-Whitney p = 0.0023) (Fig. 12).  This result 
probably reflects variation among ponds in size and vegetation structure; bullfrogs tend to 
avoid ponds with heavy vegetative cover.  In large ponds with a lot of open water, such 
as Caleb’s pond, vegetative cover is limited to areas near the shore, so green frogs use 
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those areas.  In smaller ponds with dense vegetation, essentially the whole pond is 
available to green frogs, so they occupy territories farther from shore, but still under 
vegetation. 
Egg masses of green frogs were located significantly farther from shore when in 
bullfrog-free ponds than in ponds with bullfrogs (Wilcoxon-Mann-Whitney p = 0.0075) 
(Figure 13).  Compared to green frog egg masses in mixed-species ponds, those in single-
species ponds were more broadly dispersed, with a median distance to shore of 0.91 m 
for green frog egg masses in single-species ponds and 0.2 m for those in mixed-species 
ponds.   
Green frogs placed their eggs in areas with significantly less overhead vegetative 
cover when in ponds with no bullfrogs than they did in mixed-species ponds (Wilcoxon-
Mann-Whitney p = 0.0012) (Fig. 14).  Additionally, green frogs pairs placed their eggs in 
areas with significantly deeper water when in ponds with no bullfrogs than they did in 
mixed-species ponds (Wilcoxon-Mann-Whitney p = 0.0002) (Fig. 15).  Green frog pairs 
in mixed-species ponds placed eggs in significantly shallower water than bullfrog pairs 
(Wilcoxon-Mann-Whitney p < 0.0001).     
 
Discussion 
Both intra- and interspecific competition in territorial species can affect the 
choices individuals make in habitat and shelter use (Krebs 1977, Lin and Batzli 2001, 
Vehanen 2006).  The outcome of intraspecific competition for territories in bullfrogs and 
green frogs is determined by the respective sizes of competing males and their condition  
or by the individual who is currently defending the territory in question (Howard 1978a, 
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Wells 1978).  Here I address some of the interspecific competition patterns between these 
two species using changes in microhabitat characteristics of calling sites and oviposition 
sites as a measure of competitive interaction. 
Bullfrogs are voracious sit-and-wait predators.   In fact, bullfrogs have a 
reputation for eating anything that moves and can be stuffed into their mouths, including 
insects (Stewart and Sandison 1972), fish (Korschgen and Moyle 1976), amphibians 
(Stewart and Sandison 1972), reptiles (Minton 1949, Graham 1984), birds (Gollop 1978), 
gastropods (Korschgen and Moyle 1976), and mammals (Bury and Whelan 1984).  All 
age classes of green frogs are smaller than adult bullfrogs, and bullfrogs commonly feed 
on these smaller ranids (Stewart and Sandison 1972, McAlpine and Dilworth 1989, 
Werner et al. 1995).  This means the presence of bullfrogs poses an increased risk of 
predation for green frogs at all life stages.  
Green frogs make two key microhabitat choices in the course of a breeding 
season.  The first is the territory from which the male will advertise his presence to 
females and conspecific males (Wells 1977).  The second is the site in which eggs are 
laid, which normally is within the defended territory of the male, but not always at the 
principal calling site.  The presence or threat of a predator can drive changes in calling 
site choice for some anurans (Wells and Schwartz 1982, Zimmerman and Bogart 1984) 
and oviposition site choice in others (Howard 1978b).  That such changes also occur in 
green frogs is evident here.    
In the main study pond, bullfrogs occupied territories fairly close to shore, but in 
areas with very little overhead vegetation.  In this pond, green frogs occupied territories 
even closer to shore, in shallower water, and with more overhead cover.  These results are 
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similar to previous descriptive studies of microhabitat choice in these two species 
(McAlpine and Dilworth 1989).  Bullfrogs are a major predator and competitor of green 
frogs and male green frogs should avoid establishing territories near areas occupied by 
bullfrogs.  Indeed, Fig. 4 shows that both species used areas within a few meters of the 
shore, but areas that were “hotspots” of bullfrog activity often had few green frogs, and 
the green frogs that were present often were right at the shoreline.  The precise location 
of green frog territories was determined by the distribution of vegetative cover.  In fact, 
some green frogs called while sitting in vegetation on the shore, and some calling males 
were as far as two meters from the pond edge.  This behavior has not been reported in 
previous studies (Wells 1977) and may be an attempt by green frogs to avoid areas 
inhabited by bullfrogs.  The cost to males in advertising from sites on shore is that 
oviposition sites are not immediately adjacent to the male’s calling site, so these males 
may be less attractive to females. 
The locations of egg masses for both species follow the same general pattern as 
male territories.  Bullfrog egg masses in the main study pond were placed in open areas 
lacking vegetative cover, whether close to shore or not, whereas green frog eggs were 
mostly very close to shore, in shallower water, and much more likely to be hidden under 
vegetation.  In ponds that lacked bullfrogs, the main difference in oviposition sites of 
green frogs was the use of sites farther from shore, often in open areas, even though most 
male territories were within the heavy vegetation typical for these smaller bullfrog-free 
ponds.  This suggests that placing eggs in open areas provides some advantage to the 
eggs, such as more rapid development, but in the presence of bullfrogs, mating pairs of 
green frogs may be limited in their choice of microhabitats to areas protected from 
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bullfrogs.  These differences are an indication that female and male green frogs both 
respond to the presence of bullfrogs, although in slightly different ways.   
A female’s interest in placing her eggs in a location that will allow her offspring 
to mature quickly probably explains at least some of this pattern.  She should choose her 
mate partly based on the quality of the male territory (Wells 2007) and these territories 
tend to offer better habitat for embryonic growth and survival (Howard 1978b).  Superior 
habitat also offers vegetation on which females can hang the eggs (Wells 2007).  
Placement of egg masses closer to shore, in shallower water, and under heavier cover 
when bullfrogs are in the pond may be an attempt by green frogs to reduce potential 
predation during oviposition.   
 
 
 
 
 
 
 
 
 
 
 
 
 
17 
 
 
 
Acknowledgements 
My dissertation committee (Kentwood D. Wells, Charles S. Henry, and Eric T. 
Schultz) gave constructive comments on this chapter and critically reviewed the 
statistical evaluation of my data.  Their efforts are much appreciated and greatly 
improved the chapter.  Thomas Meyer, Associate Professor in the Natural Resources 
Management Department at the University of Connecticut graciously contributed his time 
and expertise to mapping Caleb’s Pond.  Thiago F. Rangel, Kristiina J. Hurme and Jenica 
Allen assisted with extracting data and mapping graphics.  Mark J. Herrick and 
Kentwood D. Wells gave many hours of census assistance and technical support.  
Kristiina J. Hurme, Suegene Noh, Pablo Arroyo, Juan Carlos Villarreal helped with 
mapping the pond edge.  The Mark Reynolds family generously allowed us the use of 
their property.  
 
 
 
 
 
 
 
 
 
 
 
18 
 
 
 
Literature cited 
Alford, R. A. and H. M. Wilbur. 1985. Priority effects in experimental pond 
communities: Competition between Bufo and Rana. Ecology 66:1097-1105. 
 
Almany, G. R. 2004. Differential effects of habitat complexity, predators and competitors 
on abundance of juvenile and adult coral reef fishes. Oecologia 141:105-113. 
 
Belk, M. C. and C. Lydeard. 1994. Effect of Gambusia holbrooki on a similar-sized, 
syntopic poeciliid, Heterandria formosa: Competitor or predator? Copeia 
1994:296-302. 
 
Buchan A., L. Sun and R. S. Wagner. 2005. Using alpha numeric fluorescent tags for  
individual identification of amphibians. Herpetol. Rev. 36:43-44. 
 
Bury, R. B. and J. A. Whelan. 1984. Ecology and management of the bullfrog. Fish and 
Wildlife Service Resource Publication 155:1-23. Washington, DC: Government 
Printing Office. 
 
Collins, J. P. 1979. Intrapopulation variation in the body size at metamorphosis and the 
timing of metamorphosis in the bullfrog, Rana catesbeiana. Ecology 60:738-749. 
 
Collins, J. P. and H. M. Wilbur. 1979. Breeding habits and habitats of the amphibians of 
the Edwin S. George Reserve, Michigan, with notes on the local distribution of 
fishes. Occ. Pap. Mus. Zool. Univ. Michigan 686:1-34. 
 
Courtois, D., R. Leclair Jr., S. Lacasse, and P. Magnan. 1995. Habitats préférentiels 
d’amphibiens ranidés dans des lacs oligotrophes du Bouclier laurentien, Québec. 
Can. J. Zool. 73:1744-1753. 
 
Gollop, T. 1978. Bullfrogs preying on cedar waxwing. Herpetol. Rev. 9:47-48. 
 
Graham, T. E. 1984. Pseudemys rubriventris (Red-bellied turtle). Predation. Herpetol. 
Rev. 15:19-20. 
 
Griffis, M. R. and R. G. Jaeger. 1998. Competition leads to an extinction-prone species of  
salamander: Interspecific territoriality in a metapopulation. Ecology 79:2494-
2502. 
 
Grinnell, J. 1922. The trend of avian populations in California. Science 56:671-676. 
 
Hairston, N. G. 1980. Species packing in the salamander genus Desmognathus: What  
are the interspecific interactions involved? Am. Nat. 115:354-366. 
 
Hardin, G. 1960. The competitive exclusion principle. Science 131:1292-1297. 
 
19 
 
 
 
Harwood, J. D. and J. J. Obrycki. 2005. Web-construction behavior of linyphiid spiders 
(Araneae, Linyphiidae): Competition and co-existence within a generalist 
predator guild. J. Insect Behav. 18:593-607. 
 
Hecnar S. J. and R. T. M’Closkey. 1997. Changes in the composition of a ranid frog  
community following bullfrog extinction. Am. Midl. Nat. 137:145-150. 
 
Howard, R. D. 1978a. The evolution of mating strategies in bullfrogs, Rana catesbeiana. 
Evolution 32:850-871. 
 
Howard, R. D. 1978b. The influence of male-defended oviposition sites on early embryo 
mortality in bullfrogs. Ecology 59:789-798. 
 
Jaeger, R. G. 1974. Competitive exclusion: Comments on survival and extinction of 
species. Bioscience 24:33-39. 
 
Kappes, J. J. Jr. 1997. Defining cavity-associated interactions between Red-cockaded 
woodpeckers and other cavity-dependent species: Interspecific competition or 
cavity kleptoparasitism? Auk 114:778-780. 
 
Kiesecker, J. M., A. R. Blaustein and C. L. Miller. 2001. Potential mechanisms 
underlying the displacement of native red-legged frogs by introduced bullfrogs. 
Ecology 83:1964-1970. 
 
Korschgen, L. J. and D. L. Moyle. 1976. Food habits of the bullfrog in central Missouri 
farm ponds. Am. Midl. Nat. 54:332-341. 
 
Krebs, C. J. 1977. Competition between Microtus pennsylvanicus and Microtus  
ochrogaster. Am. Midl. Nat. 97:42-49. 
 
Krzysik, A. J. 1979. Resource allocation, coexistence, and the niche structure of a  
streambank salamander community. Ecol. Monogr. 1979:173-194. 
 
Kupferberg, S. J. 1997. Bullfrog (Rana catesbeiana) invasion of a California river: The 
role of larval competition. Ecology 78:1736-1751. 
 
Lannoo, M. J. 2005, ed. Amphibian declines: The conservation status of United States 
species. Berkeley: University of California Press.  
 
Lannoo, M. J., K. Lang, T. Waltz and G. S. Phillips. 1994. An altered amphibian 
assemblage: Dickinson County, Iowa, 70 years after Frank Blanchard’s survey. 
Amer. Midl. Nat. 131:331-319. 
 
Lin Y. K. and G. O. Batzli. 2001. The effect of interspecific competition on habitat  
selection by voles: an experimental approach. Can. J. Zool. 79:110-120. 
 
20 
 
 
 
MacArthur, R. H. 1958. Population ecology of some warblers of northeastern coniferous  
forests. Ecology 39:599-619. 
 
Martin, T. E. 2001. Abiotic vs. biotic influences on habitat selection of coexisting 
species: Climate change impacts? Ecology 82:175-188. 
 
Martof, B. S. 1953. Territoriality in the green frog (Rana clamitans). Ecology 34:165-
174. 
McAlpine, D. F. and T. G. Dilworth. 1989. Microhabitat and prey size among three 
species of Rana (Anura: Ranidae) sympatric in eastern Canada. Can. J. Zool.  
67:2244-2252. 
 
Minton, J. E. 1949. Coral snake preyed upon by bullfrog. Copeia 1949:288. 
 
Mönkkönen, M. and J. T. Forsman. 2002. Heterospecific attraction among forest birds: a 
review. Ornithol. Sci. 1:41-51. 
 
Moyle, P. B. 1973. Effects of introduced bullfrogs, Rana catesbeiana, on the native frogs 
of the San Joaquin Valley, California. Copeia 1973:18-22. 
 
Pearl, C. A., M. J. Adams, R. B. Bury, B. McCreary. 2004. Asymmetrical effects of 
introduced bullfrogs (Rana catesbeiana) on native ranid frogs in Oregon. Copeia 
2004:11-20. 
 
Polis, G. A., C. A. Myers and R. D. Holt. 1989. The ecology and evolution of intraguild 
predation: Potential competitors that eat each other. Annu. Rev. Ecol. Syst. 
20:297-330. 
 
Robertson, D. R. 1996. Interspecific competition controls abundance and habitat use of 
territorial Caribbean damselfishes. Ecology 77:885-899. 
 
Segurado, P. and D. Figueiredo. 2007. Coexistence of two freshwater turtle species along 
a Mediterranean stream: The role of spatial and temporal heterogeneity.  Acta 
Oecologica 32:134-144. 
 
Siegel, S. and Castellan, N. J. Jr. 1988. Nonparametric Statistics for the Behavioral 
Sciences, McGraw-Hill Book Company, New York. 
 
Skelly, D. K., E. E. Werner, and S. A. Cortwright. 1999. Long-term distributional 
dynamics of a Michigan amphibian assemblage. Ecology 80:2326-2337. 
 
Stewart, M. M. and P. Sandison. 1972. Comparative food habits of sympatric mink frogs,  
 bullfrogs, and green frogs. J. Herpetol. 6:244-245. 
 
Tolimieri, N. 1995. Effects of microhabitat characteristics on the settlement and 
recruitment of a coral reef fish at two spatial scales. Oecologia 102:52-63. 
21 
 
 
 
 
Vehanen, T. 2006. Intra-and interspecific competition in hatchery landlocked salmon and 
brown trout in semi-natural streams. Environ. Biol. Fish 76:255-264. 
 
Wells, K. D. 1976. Multiple egg clutches in the green frog (Rana clamitans). 
Herpetologica 32:85-87.  
 
Wells, K. D. 1977. Territoriality and male mating success in the green frog (Rana 
clamitans). Ecology 58:750-762.  
 
Wells, K. D. 1978. Territoriality in the green frog (Rana clamitans): Vocalizations and 
agonistic behaviour. Anim. Behav. 26:1051-1063.  
 
Wells, K. D. 2007. The ecology and behavior of amphibians. The University of Chicago 
Press, Chicago. 
Wells, K. D. and J. J. Schwartz. 1982. The effect of vegetation on the propagation of calls 
in the Neotropical frog Centrolenella fleischmanni. Herpetologica 38:449-455. 
 
Werner, E. E.  1991.  Nonlethal effects of a predator on competitive interactions between 
two anuran larvae.  Ecology 72:1709-1720.   
 
Werner, E. E. and B. R. Anholt. 1996. Predator-induced behavioral effects: 
Consequences to competitive interactions in anuran larvae. Ecology 77:157-169. 
 
Werner, E. E. and M. A. McPeek.  1994.  Direct and indirect effects of predators on two 
anuran species along an environmental gradient.  Ecology 75:1368-1382 
 
Werner, E. E., G. A. Wellborn and M. A. McPeek. 1995. Diet composition in 
postmetamorphic bullfrogs and green frogs: Implications for interspecific 
predation and competition. J. Herpetol. 29:600-607. 
 
Wu, Z., Y. Li, Y. Wang, and M. J. Adams. 2005. Diet of introduced bullfrogs (Rana 
            catesbeiana): Predation on and diet overlap with native frogs on Daishan Island, 
China. J. Herpetol. 39:668-674.  
 
Zimmerman, B. L. and J. P. Bogart. 1984. A structural and behavioural analysis of  
vocalizations by Central Amazonian forest frogs. Acta Amazonica 14:473-519. 
 
 
 
 
 
 
 
 
 
22 
 
 
 
 
Figures 
 
  
 
Figure 1: Adult bullfrog eating a large tadpole (L) (photo by S. Z. Herrick) and an adult 
green frog (R) (photo by K. D. Wells).  
 
 
 
Figure 2: Caleb’s Pond, Lebanon, New London County, CT in Fall 2006.  This is an 
open canopy man-made pond, 50 x 25 meters, located in a hayfield which is surrounded 
by dense deciduous secondary-growth forest to the North, East and South and by 
additional hayfield to the West.  A smaller, similar pond (Lower Pond) is 25m Northeast 
(photo by S. Z. Herrick).  
Caleb’s Pond, Lebanon, 
New London County, CT 
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Figure 3: Caleb’s Pond vegetation in mid-summer 2006 (top photo).  The area adjacent 
to the pond is hayfield with general flora of multiflora rose, various briars, cattail, sedges, 
bulrush, lilies, watershield spp. both along the pond edge and in the pond (lower photos) 
(photos by S. Z. Herrick). 
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Figure 4: Depth map (2006) of Caleb’s Pond.  Depth data was collected by measuring 
out from each of the reference stakes (triangles) toward the center of the pond.  Distance 
from the stake was plotted at each 10 cm depth change.  Pond depth increases with 
distance from the edge.   
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Figure 5: Sample territorial male and egg mass distribution from each year.  Bullfrogs 
are indicated by triangles and bullfrog eggs by squares.  Green frog males are indicated 
by circles and egg masses by diamonds.  All census points of all calling males on each 
night (22 June 2006 and 01 June 2007) are represented here, giving some indication of 
territory locations and clustering. 
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Figure 6: Examples of how bullfrogs and green frogs use pond habitat for breeding.  Top 
photos: Bullfrog territory with no overhead cover about one meter from the pond edge 
(L) and directly against the pond edge (R).  Second row: Bullfrog oviposition (L) and 
green frog pair in amplexus (R). Third row: Green frog territory (L) near the pond edge 
with very little overhead cover and about one half meter from the edge of the pond (R) 
with very heavy overhead cover. (Photos by S. Z. Herrick). 
27 
 
 
 
 
 
Figure 7: Male territory placement for bullfrogs (N = 39) and green frogs (N = 42) on 
Caleb’s Pond.  Distance from shore in meters.  Species show similar preference for 
placement of territories within 1.5 m of the pond edge.  Territory distance from shore was 
not different between the species in this mixed species pond. 
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Figure 8: Territory overhead cover rankings by percent for bullfrogs (N = 36) and green 
frogs (N = 45) in 2005 on Caleb’s Pond.   Rankings indicate heavier cover with increased 
rank number (1 = 0 – 25%; 2 = 26 – 50%; 3 = 51 – 75%; 4 = >75%).  Green frogs defend 
territories that are under significantly more overhead cover than bullfrogs in mixed 
species pond (Wilcoxon-Mann-Whitney p = 0.0019). 
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Figure 9: Egg mass placement for bullfrogs (N = 11) and green frogs (N = 10) in 2005 
on Caleb’s Pond.  Distance from shore in meters.  Egg distance from shore was not 
statistically different between species (Wilcoxon-Mann-Whitney p = 0.1788). 
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Figure 10: Egg mass water depth for bullfrogs (N = 11) and green frogs (N = 11) in 2005 
on Caleb’s Pond.  Depth of water in which egg mass is placed in meters.  Egg mass water 
depth was statistically different between species (Wilcoxon-Mann-Whitney p = 0.0043). 
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Figure 11: Egg mass overhead cover rankings by percent for bullfrogs (N = 12) and 
green frogs (N = 9) in 2005 on Caleb’s Pond.   Rankings indicate heavier cover with 
increased rank number (1 = 0 – 25%; 2 = 26 – 50%; 3 = 51 – 75%; 4 = >75%).  Green 
frogs pairs place egg masses under significantly more cover than bullfrog pairs in mixed-
species ponds (Wilcoxon-Mann-Whitney p = 0.0031). 
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Figure 12: Male territory placement for bullfrogs (N = 45) and green frogs (N = 79) in 
mixed-species ponds and green frogs in single-species ponds (N = 37).  Distance from 
shore in meters.  Bullfrogs were only found in mixed-species ponds.  Green frogs in 
single-species ponds used the same range of distances from shore as green frogs in 
mixed-species ponds but they were significantly farther out than green frogs in mixed-
species ponds (Wilcoxon-Mann-Whitney p <0.0001).   
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Figure 13: Overhead cover rankings by percent of 50 bullfrog territories and 59 green 
frog territories in mixed species ponds as photographed from 2005 - 2008.  Blue bars are 
green frog territories (N = 30) from single-species ponds.  Rankings indicate heavier 
cover with increased rank number (1 = 0 – 25%; 2 = 26 – 50%; 3 = 51 – 75%; 4 = 
>75%).  Green frogs in single-species ponds defend territories under heavier cover than 
green frogs in mixed-species ponds (Wilcoxon-Mann-Whitney p = 0.0023).   
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Figure 14: Egg placement for bullfrogs (N = 20) and green frogs (N = 35) over four 
years (2005-2008) in mixed species ponds and green frog egg masses (N = 9) in single 
species ponds.  Distance from shore in meters.  Green frog pairs in mixed-species ponds 
place their eggs significantly closer to shore than green frog pairs in single-species ponds 
(Wilcoxon-Mann-Whitney p = 0.0075). 
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Figure 15: Overhead cover rankings by percent of 40 bullfrog egg masses and 39 green 
frog egg masses in mixed species ponds as photographed from 2005 - 2008.  Blue bars 
are green frog egg masses (N = 10) from single-species ponds.  Rankings indicate heavier 
cover with increased rank number (1 = 0 – 25%; 2 = 26 – 50%; 3 = 51 – 75%; 4 = 
>75%).  Green frog pairs in mixed-species ponds place their eggs under significantly 
more overhead cover than bullfrogs (Wilcoxon-Mann-Whitney p <0.0001).  When 
sharing ponds with bullfrogs, green frog pairs place their egg masses under much heavier 
overhead cover than those in single-species ponds (Wilcoxon-Mann-Whitney p = 
0.0012). 
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Figure 16: Egg water depth for bullfrogs (N = 41) and green frogs (N = 46) over four 
years (2005-2008) in mixed species ponds and green frog egg masses (N = 10) in single 
species ponds.  Water depth in meters.  Green frogs sharing ponds with bullfrogs placed 
their eggs in significantly shallower water than bullfrogs (Wilcoxon-Mann-Whitney p < 
0.0001).   Green frog pairs in single-species ponds place their eggs in significantly deeper 
water than green frog pairs in mixed-species ponds (Wilcoxon-Mann-Whitney p = 
0.0002). 
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Appendix 1 
Table of ponds surveyed  
Name Street Town, State Relative 
size 
Relative 
vegetation 
Species 
present 
Caleb's Pond Bogg Lane Lebanon, CT large medium mixed 
Upper Pond  Bogg Lane Lebanon, CT small heavy single 
Highland 
Campground 
Pond  
42 Toleration 
Road 
Scotland CT large medium mixed 
Windham Center 
Fire Department 
Pond   
18 Windham 
Center Road 
Windham 
Center, CT 
medium medium mixed 
Stearns Farm 
Pond  
Stearns Road at 
the first barn 
Mansfield, CT small heavy single 
Schultz Pond and 
swamp 
Gurleyville 
Road 
Mansfield, CT large medium mixed 
Ireland Ponds Bogg Lane Lebanon, CT medium medium mixed 
Herrick Pond 30 Plains Road Windham 
Center, CT 
small heavy single 
Willimantic 
Country Club  
Holes  3 -7 
184 Club Road North Windham, 
CT 
medium light mixed 
Lower Pond Bogg Lane Lebanon, CT large medium mixed 
Bush Hill Pond Bush Hill Road South Windham, 
CT 
medium medium mixed 
Fountain Pond North 
Windham Road 
North Windham, 
CT 
large medium mixed 
Hayman Pond Hoxie Road Lebanon, CT large light mixed 
Merrow Pond Merrow Road Coventry, CT large heavy single 
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Chapter 2 
Spatial interactions of bullfrogs (Rana catesbeiana)  
and green frogs (R. clamitans) 
 
Abstract 
North American bullfrogs (Rana catesbeiana) and green frogs (R. clamitans) are 
broadly sympatric and are often found together in permanent breeding ponds throughout 
the summer months.  They have very similar breeding ecology and bullfrogs compete 
with adult green frogs for breeding space.  I studied the interspecific interactions between 
territorial males of these species to better understand the influence of bullfrogs on the 
territory locations of green frogs.  Male territories were evaluated for distance to shore 
and nearest neighbour distances for the heterospecific and conspecific neighbors.  Male 
return rate to the pond and pond tenure were also evaluated.  Green frog territories were 
closer to shore than bullfrog territories.  Bullfrogs were more likely to return to the pond 
in subsequent years than green frogs.  Males of both species were not different in their 
pond attendance but body size influences pond attendance differently.  Neighbors within 
10 m were just as likely to be a conspecific as a heterospecific, indicating no preferences 
for green frogs to defend territories closer to other green frogs.  Green frog males do 
actively avoid bullfrog males by defending territories closer to shore when territorial 
bullfrog males are nearby.   
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Introduction 
Both intra- and interspecific competition in territorial species can affect the choice 
of habitat and shelter location by individual animals (Krebs 1977, Lin and Batzli 2001, 
Vehanen 2006).  When intraspecific territoriality spills over into interspecific encounters, 
this competition can have a major influence on the continued success of the less 
aggressive species involved (Griffis and Jaeger 1998), because the more aggressive 
species will dictate the distribution of  the less aggressive species (Berger and Gese 
2007).   In some systems, such as the large carnivore assemblages in southern Africa, the 
highly aggressive species is also a predator on the less aggressive competitor (Broekhuis 
et al. 2013).  In these cases, predation pressure will also have some influence over the 
distribution patterns of the prey species.   
Finding, establishing, and maintaining a territory is an energetically expensive 
endeavor.  Therefore, an individual should avoid giving up an established territory unless 
death is imminent or staying in the area becomes reproductively counterproductive.  
Given this, when territorial heterospecifics are competitors for similar space, the 
individual of the less competitive individuals should leave the area if the more 
competitive individual establishes a territory nearby, especially if the more competitive 
species is an intraguild predator or can otherwise interfere with breeding behavior.  In 
some cases, interactions may be so minor or indirect, the individuals involved may not be 
aware that an interaction has occurred.  For example, when the subterranean streamside 
nest cavities of the Brazilian tree frog, Hyla leucopygia, collapse under rainfall, H. 
luctuosa uses the resulting depression as an oviposition site (Haddad and Sawaya 2000).  
In other systems, the interactions may escalate from being relatively minor to overt 
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physical aggression (Wells and Schwartz 1984) and even death (Berger and Gese 2007, 
Broekhuis et al. 2013).   
In the temperate zone of eastern North America, there are several ranids that 
commonly share breeding ponds and breeding seasons.  These anurans, because they 
exhibit a range of breeding systems from explosive to prolonged, differ in the amount of 
time they spend in breeding ponds and the timing of pond attendance.  These differences 
influence the amount of time any given species pair will overlap in pond attendance and 
therefore the relative importance of species interactions on their breeding behavior.  On 
one end of the continuum are species that overlap spatially but not at the same time of 
season.  For example, leopard frogs (Rana pipiens) and bullfrogs (R. catesbeiana) use the 
same ponds for breeding over much of their range, but they do not overlap temporally 
(McAlpine and Dilworth 1989), leading to no direct influence of one on the other for use 
of habitat.  At the other end of the continuum are species pairs who overlap heavily in 
habitat and resource use as well as in time (Given 1990).  An example of these conditions 
and this type of interspecific competition is seen in the ecological interactions of green 
frogs (Rana clamitans) and bullfrogs (R. catesbeiana) (Collins and Wilbur 1979).    
The outcome of intraspecific competition for territory space between bullfrogs 
and green frogs is determined by the respective sizes of competing males and their 
condition  or by the individual who is currently occupying the area in question (Howard 
1978, Wells 1978).  Because relative body size may be an indication of age, and 
presumably experience, in most anurans (Duellman and Trueb 1985), smaller males 
should be expected to be least dominant within a chorus and to procure fewer matings.  In 
fact, in these species, larger frogs will occupy the higher quality territories while smaller 
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males either employ satellite behavior or defend lesser quality territories (Wells 1977a, 
Howard 1978).  This leads to the larger males of the chorus gaining the majority of 
matings (Wells 1977a, Howard 1978, Ryan 1980).  Intraspecific competition for 
territories within green frogs and bullfrogs follow this expected pattern in natural settings 
(Wells 1977b).  While interspecific competition for habitat use between green frogs and 
bullfrogs is not well-understood, there are other aquatic-breeding frogs that compete with 
green frogs for breeding space.  Carpenter frogs (R. virgatipes) share breeding space with 
green frogs throughout their common range in breeding season (Given 1990).  These 
frogs respond to the presence of a green frog by preferring to be close to other carpenter 
frogs instead of green frogs (Given 1990).  In this study, I examined the influence 
bullfrogs have on the breeding behavior of green frogs, including physical avoidance of 
encounters through counter movements of green frogs away from bullfrog territories, 
pond tenure patterns, and nearest neighbor comparisons.  
Green frogs might avoid bullfrogs by monitoring bullfrog movements on the pond 
and responding with counter movements of their own.  Spatial avoidance would decrease 
niche overlap and reduce potentially dangerous interactions for the green frog.  
Therefore, territorial green frogs are expected to avoid areas of the pond where bullfrogs 
are defending territories.  Here I address some of the interspecific competition patterns 
between these two species using changes in territory location and nearest neighbor 
comparisons as a measure of avoidance behavior.  I predicted that green frogs adjust their 
territory location within the pond when in the presence of bullfrogs, specifically by 
shifting their territory closer to shore.  I also expect that such shifts may include outright 
moving out of the pond.  If this is an avoidance strategy green frogs employ, then I 
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predict I will find that green frogs spend less total time on the pond over the season and 
that, as a result, have sporadic pond attendance compared to bullfrogs.  Additionally, 
green frogs may respond to bullfrogs by shifting their territories away from territorial 
bullfrogs or by moving to other regions of the pond.   
 
Methods 
Caleb’s Pond is an open canopy man-made pond, 50 x 25 meters, located in a 
hayfield in Lebanon (41˚41’17” N, -72˚12’30” W), New London County, Connecticut.  It 
was dug in the 1950s and at its center is approximately 4 meters deep.  The pond is 
spring-fed at its southeast corner and along its south edge and artificially drained at its 
northeast corner, such that a constant water level is maintained throughout the year. The 
open-pipe drain flows into a swamp located 30 meters northeast of the pond.  Pond flora 
include common cattail (Typha angustifolia), various sedges (Cyperaceae), bulrushes 
(Cyperaceae), white and yellow pond lilies (Nymphaceae), and watershield (Ludwigia 
palustris).  Pond fauna include brown bullhead catfish (Ameiurus nebulosus) and various 
sunfish species including bluegill (Lepomis macrochirus). Also present are snapping 
turtles (Chelydra serpentina), green frogs (Rana clamitans), bullfrogs (R. catesbeiana), a 
few pickerel frogs (R. palustris), and northern water snakes (Nerodia sipedon). 
Invertebrates include crayfish (Cambaridae), dragonfly larvae (Odonata), and predaceous 
diving beetles (Dytiscidae).  The pond is ringed by both woody and non-woody plants 
(Fig. 3).  Woody plants include autumn-olive (Elaeagnacus umbellate), multiflora rose 
(Rosa multiflora), sweet pepperbush (Clethra alnifolia), and sheep laurel (Kalmia 
angustifolia).  Approximately 30 meters east-northeast of the study pond is a similarly 
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sized and aged pond with somewhat deeper edges.  This pond is also artificially drained 
into the low swamp located on its west edge.  Its flora and fauna are similar to those of 
the study pond. 
The study pond, Caleb’s Pond, was mapped using a GPS receiver (TOPCON 
HiPer Lite+) measuring in single-base real-time kinematic (RTK) mode with nominal 
accuracy of 1 cm, absolute.  The coordinates of the entire perimeter of the pond were 
recorded at regular increments and a map of the pond edge was created.  Numbered 
reference stakes were placed three meters apart along the entire shoreline.  Pond depth 
was mapped along a transect line using the reference stakes as a starting point and the 
center of the pond as the imaginary farthest end of the line.  At each 10 cm change in 
depth, distance from the stake was recorded and a general map of depth characteristics 
for the pond was generated.   
In order to identify individual subjects, I captured, measured, sexed, photographed 
and uniquely marked each animal.  Subjects were given an individual identification via 
injection of a soft visible alphanumeric tag (following Buchan et al. 2005, Northwest 
Marine Technology Inc.) under the skin of the inner left thigh.  This tagging system 
eliminates the need for toe-clipping, which reduces potential stress or infection for the 
frogs, as well as disruption of their natural behavior.  The study subjects were measured 
for body length (snout to vent) using a custom tool consisting of a narrow length of 
smooth wood with a short clear metric ruler permanently mounted to it and a peg fixed at 
the zero mark.  Each subject was set on the ruler with its vent at the peg, gently held with 
its body against the ruler and measured to the nearest millimeter.  A digital photograph 
(Canon Powershot A120) of the dorsal surface of each individual was taken to facilitate 
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visual identification.  Photo albums used in the field ensured accurate visual capture of 
individuals.  Utilizing visual rather than physical means to identify individuals also 
minimized disturbance to the species’ natural behavior while the study was underway.   
Once processed, the study subjects were returned to the capture site. 
To assign any male as being on a territory, all locations for each male within one 
season mapped and visually evaluated.  A male was considered to be territorial if he 
appeared on a location more than four nights.  If a green frog male appeared at a location 
more than 3 m from another location, those locations were labeled as separate territories.  
Bullfrog males were considered to be on a different territory if they appeared at a location 
more than 6 m from another location.  Analysis of nearest neighbors was limited to frogs 
within 10 m of each other, with the assumption that frogs at greater distances are unlikely 
to interact with each other (Given 1990). 
 
Results 
Caleb’s Pond is a typical New England farm pond with a deep center and shallow 
edge.  Water depth is fairly regular along the edge of the pond, gently sloping away from 
shore with the exception of the eastern edge which has a steep drop-off.  For both 2006 
and 2007, territorial males of the two species used most of the areas along the shoreline 
of Caleb’s Pond, but did not use the deeper central area of the pond.  Male territories 
were placed in close proximity to the shore of the entire perimeter of the pond with the 
exception of a few locations.   
Male territories, defined here as the area within which a given male was found 
more than four times in succession, were found close to the shoreline for both species 
45 
 
 
 
with none more than 3.5 m from shore (Fig. 1).  However, green frog territories were 
significantly closer to shore than bullfrog territories in both seasons and when seasons 
were combined (Wilcoxon-Mann-Whitney p = 0.0003).   
Pond attendance is broken into two characteristics, return rate and pond tenure. 
Return rate is defined as the return of an individual from one year into the next and was 
much stronger in bullfrogs than green frogs.  More than twice the number of male 
bullfrogs in the pond in 2006 returned to the pond in 2007 compared to green frogs 
(56.5% vs. 26.3% return) and more than 30% of bullfrog males from 2005 returned to the 
pond in 2006 and 2007.  Male bullfrogs were significantly more likely to return to the 
pond in the following year than green frogs (Fisher’s Exact test, p = 0.001).  I did not find 
any green frogs in the pond for all three years (Table 1).  Pond tenure for each individual 
was measured as the proportion of survey nights in the season when each male was seen, 
whether on a long-term territory or not (Fig. 2).  As long as a male was actively calling, 
he was assumed to be defending a territory and counted as participating in the pond 
chorus.  Green frogs were on the pond significantly fewer nights than bullfrogs (two-
sample t-test assuming equal variances, p = 0.0368).  Tenure patterns for the two species 
were markedly different when considering body size (Table 3 and 4).  Large bullfrog 
males were present on the pond more often than smaller males while green frogs showed 
the opposite pattern.  A test of correlation for total pond tenure per individual compared 
to body size (SVL in mm) revealed that bullfrog body size was positively correlated with 
the percent of total surveys the frog was found on the pond (Spearman Rank correlation, 
p = 0.05), whereas green frog body size was significantly negatively correlated with the 
percent of total surveys the frog was found on the pond (Spearman Rank correlation, p = 
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0.05) (Fig. 3).  Total number of territories held in each season by each male was not 
correlated with body size for bullfrogs (Spearman Rank correlation, p > 0.1) or green 
frogs (Spearman Rank correlation, p > 0.1).   
If green frog males avoid bullfrogs by moving away from areas in which bullfrogs 
are calling, then green frogs should be closer to each other than they are to bullfrogs.  The 
distances to the nearest conspecific and heterospecific neighbor of each individual were 
compared.  Only individuals within 10 m were considered to be neighbors; all others 
were removed from this calculation (Table 5).  The 27 green frogs males who had both a 
conspecific and a heterospecific within the 10 m distance, were no closer to other green 
frogs than they were to bullfrogs (t-test, p = 0.447) (Fig. 4).   
If green frog males avoid bullfrogs by moving closer to shore when bullfrogs are 
calling nearby, then green frog territories should be closer to shore than they are to 
bullfrog territories.  There were 57 green frogs defending territories within 10 m of a 
territorial bullfrog.  These green frog males defended territories that were significantly 
closer to shore than they were to the calling bullfrog neighbor (t-test, p < 0.0001) (Fig 5). 
 
Discussion 
  The question of how interactions with bullfrogs may change the patterns of spatial 
distribution of green frogs was approached in this study with two assumptions in place.  
First, it was assumed that gaining and holding a territory is energetically expensive for 
green frogs as it is for many other territorial animals (Riechert 1978, Jaeger et al. 1983, 
Marden and Waage 1990).  Second, it was assumed that dividing up breeding space with 
a competitor that is also a predator was physically risky for green frogs (Werner et al. 
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1995, Caspar and Hendricks 2005).  If a green frog male abandons his territory due to a 
too-close bullfrog, he must find and establish a new territory elsewhere which is 
energetically expensive.  The displaced individual may have an elevated risk of predation 
while searching and fighting for a new territory, may miss an opportunity to mate while 
between territories, and may end up in a lower quality territory than previously occupied.  
Even if the displaced individual is fully capable of maintaining a high quality territory, it 
may have to settle in a somewhat lower quality area depending on the availability of 
territories at the time of the move.  This then would exact a cost in potential mating 
opportunities when females use territory quality to choose males.   
Rather than abandon a good territory because of bullfrog predation or 
competition, a green frog could simply shift the territory itself such that it is a bit farther 
from the resident bullfrog or at least closer to the potential escape route of the shore.  
This strategy would decrease the costs associated with territory loss, decrease some of the 
risks of searching for a new territory, and decrease potential predation encounters with 
bullfrogs.  However, instead of shifting their territories away from bullfrogs, green frogs 
often use space very close to bullfrogs.  This may represent a preference for similar 
microhabitat, or it may simply be due to the natural distribution of vegetation around the 
pond.  Defending territories that are closer to shore than bullfrog territories keeps green 
frogs closer to refuge vegetation.   
Another way for a green frog to decrease the impact of a bullfrog neighbor is to 
reduce territory size.  If green frogs can simply decrease the size of the area that they are 
defending, they would decrease their potential contact with bullfrogs and lower the 
number of expected encounters.  Competitor abundance should cause a decrease in 
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territory area, but so also should regular intrusions of other potential competitors (Myers 
et al. 1979).  Total area size for these species shows no statistical difference between 
areas of their respective territories.  This is somewhat surprising given that both of these 
species hold territories that are progressively larger as the male grows in body length.  It 
is possible that territory size was not estimated in a biologically rigorous manner for this 
study.  The lack of statistically significant difference may be completely valid but the fact 
that green frog territory sizes, with the exception of one outlier, fall completely within the 
range of about 75% of bullfrog territory sizes suggests that we need a better test of actual 
boundaries before this question is thoroughly answered.  It would be more informative, 
and the estimated territory size more reliable, if this had been approached experimentally.  
Challenging the territorial males with a model of another male such that we could directly 
measure where the perceived edges of the boundary were located would give a 
fundamentally more accurate measure.   
The likelihood that a male will return to the pond each season, between season 
pond attendance, is strikingly different between the species.  Bullfrogs are about twice as 
likely to return to a pond in successive years as green frogs.  These measures may be 
strongly influenced by the environment in which they live.  Winter survival, body 
condition and predation all play a role in the overall survival of any given frog into the 
next breeding season and the smaller bodied green frogs have a shorter natural life span 
and more predators than bullfrogs.  Site tenure for both species is mixed, with some 
larger males occupying the same territory for much of the breeding season while smaller 
males move between territories as they become available.  Other large males will shift to 
a different territory for a few nights at a time, then returning to their previous sight.  Late 
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in the season, when bullfrog activity declines, some empty bullfrog territories are 
occupied by green frogs (personal observation).  These frogs have very similar 
microhabitat characteristic preferences (S. Z. Herrick, unpublished dissertation).  
Therefore, when bullfrogs leave the pond at the end of the season, green frog males often 
shift into areas previously occupied by bullfrogs.  This same pattern is seen in pond 
tenure patterns, bullfrogs tend to spend much more time on the pond itself while green 
frogs, although found on the pond through the entire season, are generally there fewer 
nights overall.  Larger bullfrogs, compared to smaller bullfrogs, spend more total days on 
the pond and are there for longer periods of the season.   
In green frog males, the correlation of body size to pond tenure suggests that male 
green frogs, as they age, are more likely to leave the pond early.  That may be because 
bigger males are more vocally active and more obvious to predators and are therefore 
more susceptible to bullfrog predation.  They may also simply be less responsive to 
bullfrog predation risks due to age or experience.  A large male is older and has fewer 
future breeding opportunities than a smaller male.  He should therefore be willing to 
engage in riskier behavior, such as staying out in the open when advertising, making him 
more susceptible to predation than a male who stays closer to shore or farther from 
bullfrog males.   However, if smaller males tend to stay on the pond for longer periods 
than larger males, they would potentially have more opportunities to breed than larger 
males because females lay eggs through late July (Wells 1976).   
The final way in which I tested for green frog active avoidance behavior in the 
presence of bullfrogs was nearest neighbor distances comparisons.  These frogs all use 
the same general areas of the pond, particularly areas with the appropriate depth and 
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vegetation desired for egg placement.  Often there are nights with just a few males of 
either species calling.  This means that unless the pond is very small, any two males 
could be sharing a habitat without being each other’s neighbor.  This may seem to skew 
calculations of nearest neighbor distance or at least to devalue any findings.  However, 
when calculated over the course of an entire season, this skew should disappear as the 
pond community naturally goes through its early, middle and late season assemblage 
characteristics and this is what was done here.  All males found throughout the season 
who were less than ten meters from their neighbor were pooled.  On Caleb’s Pond, 
bullfrogs do not show much change in which species they are physically closest to from 
year to year or through a single season.  Generally, bullfrog nearest neighbors are other 
bullfrogs. This is probably a reflection of habitat preferences for breeding sites or perhaps 
an attraction to conspecifics (Stamps 1988).  Again, as the smaller of the species pair, it 
may be that green frogs simply pay more attention to overall pond activities than 
bullfrogs and they may be more likely to respond to perceived risk more strongly.   
This species pair, with heavy overlap in both habitat and resource use over a 
common time span is expected to show that individuals are purposefully avoiding 
conflict.  Bullfrogs, as an intraguild predator, are expected to be the species that does not 
adjust its activity in the presence of green frogs.  Rather, the smaller, prey species should 
recognize that a predator is near and take appropriate action.  Green frogs do defend 
territories that are closer to shore than bullfrog territories, and they appear to actively 
avoid bullfrogs on the breeding pond by shifting closer to shore and spending more time 
nearer to green frogs.  This is evidence of behaviors that decrease the risk green frogs 
experience when spending extended periods of time in close proximity to bullfrog males.   
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Figures and Tables 
 
Figure 1: Distance to the pond edge for green frog (N = 26) and bullfrog (N = 21) 
territories in 2006 and 2007.  Territory defined here as those areas in which the male is 
found four or more times in the season.  Green frog territories are significantly closer to 
shore than bullfrog territories (Wilcoxon-Mann-Whitney p = 0.0003). 
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Variable Green frog   Bullfrog 
Total males on pond in 2006 19 23 
Total males on pond in 2007 16 19 
Males new to pond in 2006 17 12 
Males new to pond in 2007 11 6 
Males from 2005 returning to pond in 2006 2 11 
Males from 2006 returning to pond in 2007 5 13 
Males present all three years 0 6 
 
Table 1: All territorial males for 2006 and 2007 were used to calculate return rate (pond 
fidelity).  Bull frogs were much more likely to return to the pond in the following year 
than green frogs (Fisher’s Exact, p = 0.001) 
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Figure 2: Nights on the pond per frog corrected for sampling effort.  Both 2006 and 2007 
seasons summed.  Territorial green frog males are not different from bullfrogs in the 
proportion of survey nights they were present on the pond (Wilcoxon-Mann-Whitney       
p = 0.1922). 
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Year Species ID 
SVL 
(mm) Territories Captures Surveys 
2006 Bullfrog F02 145 1 5 18.5 
2006 Bullfrog B11 144 2 2 7.4 
2006 Bullfrog F01 133 1 10 37.0 
2006 Bullfrog F29 127 1 21 77.8 
2006 Bullfrog F18 124 2 6 22.2 
2006 Bullfrog F13 122 1 3 11.1 
2006 Bullfrog F57 119 3 5 18.5 
2006 Bullfrog B22 115 1 2 7.4 
2006 Bullfrog B14 112 2 2 7.4 
2006 Bullfrog B04 106 3 8 29.6 
2006 Bullfrog B29 102 1 3 11.1 
 
Year Species ID 
SVL 
(mm) Territories Captures Surveys 
2007 Bullfrog F01 142 3 14 50.0 
2007 Bullfrog B13 141 4 21 75.0 
2007 Bullfrog F91 139 1 13 46.4 
2007 Bullfrog B48 138 2 11 39.3 
2007 Bullfrog F29 138 4 13 46.4 
2007 Bullfrog B09 130 2 6 21.4 
2007 Bullfrog F57 126 2 7 25.0 
2007 Bullfrog B04 124 1 10 35.7 
2007 Bullfrog B12 122 3 6 21.4 
2007 Bullfrog B39 117 1 9 32.1 
2007 Bullfrog B36 109 1 5 17.9 
2007 Bullfrog B44 105 2 2 7.1 
 
Table 3: Each bullfrog by year correlation of body size in millimeters to total number of 
territories held by each frog and percent of total surveys the individual was captured 
physically or visually (27 surveys in 2006 and 28 surveys in 2007).   
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Year Species ID 
SVL 
(mm) Territories Captures Surveys 
2006 Green F28 135 1 2 7.4 
2006 Green G27 83 2 4 14.8 
2006 Green F60 81 1 5 18.5 
2006 Green G28 75 2 3 11.1 
2006 Green G03 73 1 10 37.0 
2006 Green G10 73 1 4 14.8 
2006 Green G34 71 1 6 22.2 
2006 Green G01 70 1 9 33.3 
2006 Green G20 70 3 9 33.3 
2006 Green G04 69 3 7 25.9 
2006 Green G30 68 1 3 11.1 
2006 Green G00 66 2 8 29.6 
2006 Green G16 66 1 4 14.8 
2006 Green G12 64 1 10 37.0 
2006 Green G02 63 2 8 29.6 
2006 Green G09 60 2 5 18.5 
 
Year Species ID 
SVL 
(mm) Territories Captures Surveys 
2007 Green G27 95 2 4 14.3 
2007 Green G31 90 3 7 25.0 
2007 Green G04 84 1 3 10.7 
2007 Green G51 83 2 2 7.1 
2007 Green G47 82 1 6 21.4 
2007 Green G41 81 2 2 7.1 
2007 Green G00 78 1 3 10.7 
2007 Green G52 78 1 3 10.7 
2007 Green G29 76 4 8 28.6 
2007 Green G42 75 2 4 14.3 
2007 Green G45 75 3 14 50.0 
2007 Green G49 74 1 4 14.3 
2007 Green G56 74 3 6 21.4 
2007 Green G58 74 2 4 14.3 
2007 Green G54 67 1 4 14.3 
2007 Green G57 65 2 2 7.1 
 
Table 4: Each green frog by year correlation of body size in millimeters to total number 
of territories held by each frog and percent of total surveys the individual was captured 
physically or visually (27 surveys in 2006 and 28 surveys in 2007).   
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Figure 3: Bullfrog body size is positively correlated with pond tenure (total days) 
(Spearman rank correlation, p = 0.05).  Green frog body size (mm) is negatively 
correlated with pond tenure (Spearman rank correlation, p = 0.05).   
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Table 5: Comparison of the total numbers of nearest neighbors to territorial males of both 
species.  Only individuals within 10 m distance are considered to be a potential neighbor.  
Percent bullfrog is the percent of nearest neighbors that are bullfrogs and percent green 
frog is the percent of nearest neighbors that are green frogs. 
 
 
 
 
 
 
 
Year 
  
Frog 
  
Nearest Neighbor Percent 
Bullfrog 
 
Percent 
Green frog 
 Bullfrog Green frog 
2006 Bullfrog 19 19 50 50 
2007 Bullfrog 41 28 59.4 40.6 
2006 Green frog 11 32 25.5 74.5 
2007 Green frog 32 22 59.3 40.7 
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Figure 4: A comparison of each green frog male’s distance to his nearest neighbors 
divided by species.  Green frogs defend territories that are closer to other green frog 
territories than to bullfrog territories when all pairs are included (t-test, p = 0.0075) (top 
figure, N = 97).  When including only those pairs of neighbors for which both are within 
10 m (bottom figure, N = 27) there is no difference between how close a green frog 
territory is to another green frog territory and the nearest bullfrog territory (p = 0.44). 
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Figure 5: A comparison of green frog territories with bullfrogs within 10 m (N = 57) 
distance to shore against the distance to the nearest bullfrog neighbor.  Green frogs 
territories that are close to bullfrog territories are significantly closer to shore than those 
that are not near bullfrogs (t-test, p < 0.0001).  
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Chapter 3 
 
Noisy neighbors: acoustic interference and vocal interactions between two syntopic 
species of ranid frogs, Rana clamitans and R. catesbeiana. 
 
 
Abstract 
 
American bullfrogs (Rana catesbeiana) and green frogs (R. clamitans) share 
ranges and breeding seasons, are ecologically similar, and often occupy the same 
breeding ponds throughout the summer.  Males of both species use vocalizations to 
defend territories and attract females.  However, bullfrogs have louder, longer calls than 
green frogs.  This could effectively silence green frogs, exacting a heavy cost on their 
ability to attract females to the pond.  Nevertheless, in natural settings where these 
species co-occur, green frogs reproduce successfully.  This suggests that green frogs 
respond to the calling patterns of bullfrogs in ways that maximize green frog signal-to-
noise ratio.  By adapting to bullfrog calling behavior in ways that reduce acoustic 
interference, green frogs may increase their breeding success on mixed-species ponds.  I 
investigated the influence of bullfrog calling patterns on the vocal activity of syntopic 
green frogs, and found that bullfrog chorusing does not cause a reduction in green frog 
chorusing.  Rather, green frogs respond to bullfrog chorusing on a fine temporal scale by 
placing their calls between the notes of bullfrog calls.  
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Introduction 
Vocal communication is highly susceptible to interference from environmental 
noise (Ryan and Brenowitz 1984, Gordon and Uetz 2012), heterospecifics (Littlejohn and 
Martin 1969, Hartbauer et al. 2012), and conspecifics (Endler 1992).  Birds (Bremond 
1978, Luther 2009), mammals (Egnor et al. 2007), insects (Latimer 1981, Aiken 1982, 
Greenfield 1988), and anurans (Littlejohn 1977; Wells 1977a, 2007; Gerhardt 1988) all 
use sound as a primary means of advertising their presence to rivals and potential mates, 
as well as to hold territories or establish group bonds.  All of these taxa contain species 
that commonly occur in mixed-species assemblages where call interference is predicted 
to be high (Luther 2009) and competitive ability is expected to be asymmetrical.  Because 
calling is energetically expensive and vital to successful reproduction (Taigen and Wells 
1985), phenotypically similar, coexisting species are expected to adjust their calling to 
counteract the potential for acoustic interference (Littlejohn 1977; Aiken 1982; Schwartz 
and Wells 1983, 1984).  Counterstrategies such as temporal, spectral, or spatial separation 
should be detectable in groups with relatively high levels of calling.   
Pond-breeding frogs constitute an ideal system in which to address the question of 
acoustic counterstrategies in anurans, because multiple species may co-occur and 
compete for noise-free periods during which to call for mates.  Once the chorus contains 
multiple species of calling males, the acoustic dynamics within the chorus can become 
very complex.  Heterospecific males with louder, longer, or more frequent calls can mask 
the calls of other species within the breeding chorus.  This requires masked males to 
adjust their calling behavior to maximize efficiency in a noisy environment.  Anuran 
choruses can produce peak sound pressure levels ranging from 85 to 120 dB (Wells 
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2007), which is a significant noise level for both conspecific and heterospecific 
competitors trying to advertise their presence to potential mates.   
Within a chorus, anurans may modify their call behavior in the face of 
interspecific and conspecific calling (Littlejohn 1977, Zelick and Narins 1982, Lopez et 
al. 1988, Wells 2007) to best take advantage of silent periods, while minimizing energetic 
costs.  These type of adjustments include increasing calling rates (Wells 1988), shifting to 
a microhabitat that best projects the call (Brooke et al. 2000), attempting to drive off 
competing neighbors (Wiewandt 1969), or partitioning calls on a variety of temporal 
scales to avoid overlap from conspecifics (Narins 1982, Schwartz 1986, Wells 1988, 
Gerhardt and Schwartz 1995, Narins and Zelick 1988, Wells and Schwartz 2006, 
Schwartz and Bee 2012).  Such interactions are important to the relative reproductive 
success of the individuals involved (Wells 1977b), persistence of the population, and, 
ultimately, community structure both in and out of the breeding pond. 
American bullfrogs (Rana catesbeiana) and green frogs (R. clamitans) (Hillis and 
Wilcox 2005) commonly co-occur in breeding ponds in eastern North America.  Males of 
both species maintain territories and attract females by vocalizing throughout the 
breeding season (Emlen 1968, 1976; Wells 1977a, 1978; Howard 1978; Bee and Perrill 
1996; Simmons 1984).  Breeding seasons for these species are nearly identical, with 
males of both species vocalizing to defend territories and attract females.  The frequency 
range of a green frog vocalization falls completely within the frequency range of a 
bullfrog call (Bee and Perrill 1996, Simmons 2004).  Bullfrogs also call more often, and 
for longer periods, than green frogs and therefore are expected to dominate the acoustic 
environment.  This suggests that in the presence of calling bullfrogs, green frogs should 
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maximize their signal-to-noise ratio by calling most actively at times when bullfrogs are 
least active, or by timing their calls such that they are emitted in silent periods between 
the notes or calls of bullfrogs.   
I used long-term audio recordings of a natural pond containing breeding bullfrogs 
and green frogs and automated call detection software to examine gross calling patterns 
to investigate overlap in calling activity on three time scales: (a) seasonal, (b) diel, and 
(c) short-term vocal interactions between the two species. 
 
Methods 
All field work was conducted on Caleb’s Pond, an open-canopy, man-made pond 
located in a hayfield in Lebanon, New London County, Connecticut (41˚41’17” N,           
-72˚12’30” W).  The pond was dug in the 1950s and is 50 m long, 25 m wide, and 
approximately 4 m deep at the pond center.  Calling males of both species were found 
mostly in shallow parts of the pond, within 1-2 m of the shore.  The pond is spring-fed at 
its southeast corner and along its south edge and artificially drained at its northeast 
corner, such that a constant water level is maintained throughout the year.  The open-pipe 
drain flows into a swamp located 30 meters northeast of the pond.   
Hourly readings of air and water temperatures were monitored by six DS1921K 
Thermochron™ iButton (www.maxim-ic.com) recorders which are accurate to within 
1°C from -30°C to +70°C.  Recorders were attached to stakes located 2 m from the shore 
and spaced approximately every 25 m along the perimeter of the pond.  Each stake held 
two iButton recorders, one at 5 cm above and one at 5 cm below the water surface.   
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The pond was mapped using the GPS receiver “TOPCON HiPer Lite+” 
measuring in single-base real-time kinematic (RTK) mode with nominal accuracy of 1 
cm, absolute.  The coordinates of the pond perimeter were recorded at each one-third 
meter increment yielding a map of the pond edge.  Coordinates of numbered reference 
stakes placed three meters apart along the shoreline were added to the map.   
To evaluate interspecific vocal interactions and calling patterns, I recorded the 
pond environment over two breeding seasons (mid-May through early August in 2006 
and 2007) using an automated digital recording system that operated nearly continuously 
throughout the two breeding seasons.  The recording system consisted of a digital 
recorder (Marantz PMD660) powered by a 6-volt rechargeable battery (PowerWheels® 
by Fisher-Price model 74522) and a microphone assembly.  The microphone (Sennheiser 
K6) with its windscreen was wired through the neck, and attached to the inside, of a 2-
liter plastic soda bottle with the bottom cut off.  The bottle was held with pipe clamps to 
the top of a six-foot PVC pole.  The microphone wire was fed to the recorder through a 
gap in the drawers of a plastic container (Sterilite® three-drawer cart) in which the 
recorder and battery were kept dry.  In order to reduce bias due to the behavior of a few 
dominant individuals, the recording apparatus was placed at a randomly selected 
numbered reference stake every 24 to 36 hours.  For all recording periods, the 
microphone was set 2 m above the pond surface and directed toward the center of the 
pond.  Recordings were converted from MP3 format to WAV format using Acez MP3-
WAV Converter (www.micocosoft.com) and mined for individual frog calls and the 
temporal data that accompanied each call.   
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To extract call data from the recordings, I used a bioacoustic analyzer program 
(Song Scope 2.4® by Wildlife Acoustics, Inc., Concord, MA; full description found at 
www.wildlifeacoustics.com).  Several hundred calls of each species, free of background 
noise and other anomalies, were first selected.  Song Scope® applies classification 
algorithms to the training data to produce a call recognizer (Ingranat 2007, 2009) that 
represents an idealized exemplar call for that species.  The user specifies permissible 
variance from the recognizer in multiple sound characteristics such as duration, gain, 
delay, and range.  User specification of permissible limits is subject to judgment about 
the relative importance of accuracy (minimizing misidentifications) and sensitivity 
(minimizing non-detections).  For this study I chose to emphasize accuracy over 
sensitivity.  This meant that males calling closest to the recorder were most likely to be 
identified as the correct species, whereas less intense calls from more distant males 
sometimes were not recognized.  Each sound found in the recordings was compared to 
the recognizers and classified as a call if it fell within permissible limits, and assigned a 
quality score according to the degree of deviation from the recognizer.  The time and 
duration of each call was also recorded.   
The recognizers for this study were validated for accuracy through a manual 
analysis of randomly selected calls.  To ensure that the call selection process yielded a 
representative set of calls, I used a stratified randomization process.  I selected one date 
from each of three periods (early, middle and late) of each breeding season and then 
randomly selected a ten-minute segment from an evening period of each date.  The 
selected segments contained green frog calls as well as bullfrog calls.  I characterized 
bullfrog calls as single calls or part of a chorusing bout, which is a burst of calls by one or 
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several males with less than three seconds of silence between calls, usually lasting less 
than fifteen seconds (Simmons 1984, 2004).  While such an acoustically busy burst is 
capable of overwhelming the recognizer, I expected that at least some of the calls within 
the chorus would be detected and recognized as bullfrog calls. 
Once the recognizers were optimized, all recordings were analyzed using both 
recognizers concurrently.  The program recognized 808,572 calls, 332,904 labeled as 
bullfrogs and 475,668 as green frogs.  The distribution of bullfrog call durations clearly 
included some spurious data, because a smaller mode appeared well below the main 
mode and documented anomalously short duration times for bullfrogs (0.3-0.6 seconds 
per single note call, see Capranica 1965).  Therefore, all events marked as bullfrog calls 
that were shorter than 0.25 seconds (34,070) were culled from the dataset, leaving 
298,834 bullfrog calls.  The dataset for green frog calls was not thinned. 
When applied concurrently to the short segments of recordings, the bullfrog and 
green frog recognizers performed with a high level of accuracy and an acceptable level of 
sensitivity.  Of the 563 bullfrog calls detected manually, the recognizer labeled 299 as 
bullfrog calls.  Of the 563 actual calls, 282 (50%) were correctly identified by the 
bullfrog recognizer with 17 errors.  Of the 299 detections, 282 (94.3%) were correct and 
the remainder were false hits on background noises such as gunfire and motorcycles.  
This means the bullfrog recognizer was highly accurate in identifying bullfrog calls.  This 
recognizer also successfully detected 70 of 76 (92.1%) chorusing bouts.   
The green frog recognizer performed at a higher level of sensitivity, but a similar 
level of accuracy as the bullfrog recognizer.  Of the 501 green frog calls detected by ear, 
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the recognizer tagged 386 as green frog calls.  Of the 501 actual calls, 355 (70.9%) were 
correctly identified by the green frog recognizer, with 31 errors.  Of the 386 detections, 
355 (92.0%) were correct and the remainder were false hits on background noise.  This 
means the green frog recognizer was highly accurate in identifying green frog calls. 
Overall, while the recognizers picked up only half of the individual calls of both 
species, they were highly accurate at identifying the actual species calling.  Because 
bullfrog choruses are the periods when acoustic overlap with green frogs is most likely to 
occur, the fact that the recognizers found most of green frog calls and nearly all of the 
bullfrog choruses is very valuable for this study.  When the recognizers for the two 
species were run together, the program made few mistakes in terms of confusing one 
species with another; most mistakes were non-frog sounds flagged as calls, or calls that 
were simply missed. 
The question of whether the seasonal calling pattern differed between species was 
addressed using the entire post-processing dataset, with one exception.  To avoid 
statistical skew due to uneven hourly representation, the fourteen recorded days with 
fewer than twenty continuous hours of recording were eliminated.  The remaining 
seventy-seven recorded days were divided into the weeks of the season, and the total 
number of calls per species per hour per week was averaged.  The weekly averages were 
examined for evidence that one species or the other preferentially used certain weeks of 
the season for calling activity and whether there was any evidence of overlap avoidance 
at this level. 
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The question of whether calling activity varies with time of day between species 
was addressed using the entire post-processing dataset.  The average number of calls per 
species per hour was calculated for each season and normalized by the number of nights.  
A time series of compass plots was generated for examination of the patterns of hourly 
activity, and statistical evaluations of the mean calling rates and time of calls were used 
to determine if there were any significant differences in calling activity between the 
species.   The data also were examined for evidence of concordance between the species’ 
patterns and the influence of environmental conditions (Baschelet 1981).   
To explore the question of whether there were fine-scale vocal interactions 
between these species, the dates, time, and timing of calls were examined The sheer 
numbers of calls made any attempt at randomization nearly impossible.  Therefore, a 
stratified selection of five thirty-minute samples was chosen from the peak breeding 
periods each year.  Four samples from late May, two from middle June, three from late 
June and one from early July were selected.  Each thirty-minute sample was broken into 
tenths of seconds, with each tenth-second scored (true or false) as having one, both, or 
neither of the species calling during that time.  It was assumed that bullfrogs, with longer, 
louder calls, were more likely to inhibit calling by green frogs, so for each thirty-minute 
segment, bullfrog calling patterns were left unchanged.  Then the actual green frog calls 
for each sample were randomized 2500 times to test for correlation between random and 
observed call overlaps between the species.  Distributions of total overlap percentages for 
each randomized period were then compared to the actual total overlap percentages. 
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Results  
Rana catesbeiana and R. clamitans both call with a single type of note that is 
emitted either singly or in runs of repeated notes.  Typical R. catesbeiana advertisement 
calls occur either as a single note or a run of up to fifteen notes, with a 0.3-0.6 seconds 
per note duration (Capranica 1965, Simmons 1984) (Fig. 1).  Typical R. clamitans 
advertisement calls occur in three-note series, but also commonly occur as single notes, 
with each note having a duration ranging from 0.07 to 0.43 seconds (Wells 1978, Bee and 
Perrill 1996) (Fig. 1).  Because both species chorus, sometimes in fairly high densities, 
and because males are stimulated to call more often by the activity levels of other males 
in the chorus (Wells 2007) there are often many periods in each evening during which 
bullfrog calls run together continuously for several seconds at a time (Fig. 2). 
 
Seasonal patterns 
One strategy that could be used to minimize calling interference is to divide up 
the season such that the less-dominant species uses times of the season when the 
dominant species is less active.  For example, bullfrogs, as the louder species with the 
longer calls, are likely to dominate the acoustic environment.  If green frogs avoid calling 
during the weeks of the season that bullfrogs are most active, they could maximize 
calling efficiency.  However, as a temperate-zone species with a limited breeding season, 
shifting breeding activity by several weeks seems unlikely.  Indeed, the data support the 
null hypothesis of no division of the season.  A Shapiro-Wilk test for normality revealed 
non-normal distributions of the calls over the seasons.   
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Total recording time was 2398 hours, spread from late May through early August 
of 2006 and 2007.  These two ranids called for the same window of time in the 2006 
breeding season, with bullfrogs peaking somewhat earlier than green frogs (t-test,            
p <0.0001) and green frogs persisting with higher levels of calling effort slightly later 
than bullfrogs (Fig. 3 and 4).  In 2006, both species began their calling in late May and 
calling rate steadily increased for the first few weeks, probably a reflection of the 
increasing number of males on the pond as they gathered for the breeding season.  Both 
species nearly stopped their calling over the week of 09 June 2006, when evening 
temperatures fell sharply.  For example, 11 June 2006 air temperature at 02:00 h was 
9°C, and water temperature was 13°C, well below the 16°C needed for vocal activity in 
either species (Capranica 1965, Oseen and Wassersug 2002).  When temperatures 
became more seasonal a few days later, both species resumed active calling with 
bullfrogs declining slowly around the end of June through July and green frogs 
continuing with high activity levels through mid-July and then declining.  Both species 
ceased calling activity in early August.  With the exception of the specific decline due to 
cold temperatures seen in 2006, the breeding season of 2007 followed the same basic 
pattern described for 2006.  In 2007 both species began calling in mid to late May with 
bullfrogs declining in late June and green frogs declining in mid-July.  Mean date of peak 
calling was not different between the species (t-test, p = 0.088).  As in 2006, both species 
ceased calling in early August.   
Because frogs typically call at a level necessary to outcompete their nearest 
neighbors, variation in the number of calls recorded by the automated system is likely to 
reflect differences in the number of males on the pond calling at that time.  This is well-
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established in hylid frogs which increase their rate of calling, as well as the amplitude of 
each call, based on the number of conspecific and heterospecific males calling (Schwartz 
and Wells 1983, 1984).  The pattern of the accumulation of total calls over the season 
reflects a total calling effort for each species in each season.  Calling effort of each 
species appeared to be very similar for both seasons.  Bullfrogs tended to put more effort 
into calling earlier in the season than green frogs (Fig. 5 and 6).  In both years, bullfrogs 
reached a cumulative total of 90% of all calls produced about two weeks earlier than 
green frogs.  This may be due to avoidance of call overlap by green frogs, or it may 
reflect independent seasonal patterns in the two species.  In any case, for most of the 
season, both species were actively calling, with minimal partitioning of the season 
between species in either year. 
Diel patterns 
Another strategy that could be employed to avoid acoustic overlap is for the two 
species to call at different times of day.  For example, if bullfrogs preferred to call during 
the early part of the evening and decreased calling activity after 0200 h, then green frogs 
might choose to call more actively after 0200 h.  In this case, the null hypothesis is no 
difference in the time of day during which each species is calling.  The data supported the 
null hypothesis (Fig. 7 and 8).  Rayleigh’s test of significance (following Batschelet 1981 
Table 4.2.1) indicates nonrandom distribution of times which suggest the frogs both have 
a preferred time of day during which to call.  For most of the breeding season in both 
years these species appeared to use approximately the same hours of the day in which to 
actively call.  In 2006 the mean time of day in which the frogs were at peak calling 
activity was significantly different (p = 0.025) between the species but in 2007 they were 
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not different (p = 0.839).  However, in both years, there were no periods of the evening in 
which bullfrogs were quiet while green frogs were calling.  Between 2400 h and 0500 h 
was the timeframe in which most of the calling activity occurred and there was no 
evidence of partitioning the 24-hour day to avoid overlap.  This lack of partitioning was 
evident over the entire season as well as week by week throughout the season. 
Because these are summer-breeding species, there is a restricted range of potential 
water and air temperatures at which they are active.  The minimum air temperature 
recorded was 5.4° C and the maximum was 38.5° C, while water temperature ranged 
from 5.75° C to 36.7° C.  There were no correlations between water temperature and call 
rate for either species in either year (Rana catesbeiana, Spearman Rank Correlations = -
0.319 and 0.128, with p-values > 0.05; R. clamitans, Spearman Rank Correlations = 
0.312 and 0.007, with p-values > 0.05).  There were no correlations between air 
temperature and call rate for either species in either year (Rana catesbeiana, Spearman 
Rank Correlations = 0.016 and -0.227, with p-values > 0.05; R. clamitans Spearman 
Rank Correlations = 0.213 and -0.011, with p-values > 0.05).  There were no correlations 
between date and call rate for either species.   
Fine-scale call alternation 
There is clear and strong evidence that partitioning does occur on a finer time 
scale.  For example, in a 30-second sample of calling activity from late May 2007 (Fig. 
9), both species were active but green frogs obviously avoid masking by bullfrogs.  In 
this figure, it is apparent that green frogs overlapped bullfrog calls only once and it 
appears the masked call was emitted at the same time as the bullfrog call.  All other green 
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frog calls fell within gaps of bullfrog noise.  In late May, when males were first gathering 
on the pond and establishing territories, call rates were very high and call overlap was 
expected to be fairly high as well.  For this particular evening (Fig. 10), green frog calls 
overlapped with bullfrog calls about 1.0% of the time during the entire 30-minute period 
of activity used for this fine-scale examination of interactions.  The randomizations for 
this same period of activity revealed that call overlap, if it occurred at random, should 
have happened between 6.0% and 8.0% of the time (Fig. 11).   
When individual calls and call patterns for each night were compared, call overlap 
avoidance on the event scale was obvious.  Because these species call most actively from 
2400 until 0500 h (Fig. 8), the potential for call overlap is high.  Yet observed rates of 
call overlap were significantly lower than expected in every case except for one testing 
period (12 June 2006), during which the air and water temperatures were unusually cool 
and calling rates were very low.  Over the remaining samples, call overlap occurred 
significantly less than expected at random, supporting the hypothesis that green frogs 
actively avoid masking by bullfrogs on a fine time scale. 
 
Discussion 
The behavioral dynamics between anuran species known to interact during the 
breeding season usually involve vocal interactions (Wells 1977a, 2007; Wells and 
Schwartz 2006).  Within a noisy environment, a male must be successful in signaling to 
conspecifics of both sexes, for advertising territory ownership to males or attracting 
females.  Effective communication requires maximizing signal-to-noise ratios, so anurans 
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should be under strong selection to avoid acoustic masking by either conspecifics or 
heterospecifics. 
In animal systems that use vocalizations as a communication tool for 
reproduction, it is important that conspecific females and males be able to hear the calling 
males clearly.  Within a single-species chorus, these interactions between callers and 
receivers should be fairly straightforward.  However, the complexities of a multi-species 
chorus can make even the simplest of interactions nearly impossible.  Schwartz and Wells 
(1983) found that female Dendropsophus ebraccatus have difficulty hearing a potential 
mate calling when he is masked by calls of male D. microcephalus.  If females cannot 
hear an individual male, he is at a tremendous disadvantage because he is not likely to 
reproduce in that breeding period.  For example, male D. ebraccatus that successfully call 
without being masked by the vocal efforts of conspecifics or heterospecifics are more 
attractive to females (Schwartz and Wells 1984).  This indicates that males are under 
strong selection for the ability to place calls in silent gaps when in a mixed-species 
choruses. 
Littlejohn (1977) and Gerhardt and Schwartz (1995) suggested three ways in 
which syntopically breeding frogs can reduce, or completely avoid, heterospecific 
interference.  The first is spatial partitioning.  This strategy involves different species 
selecting different microhabitats for calling.  Even though mixed species choruses and, 
presumably, acoustic interference are common for many anurans, quantitative analyses of 
the acoustic advantages of spatial partitioning among heterospecifics have not been 
reported in the literature (Wells 2007). 
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The second strategy is spectral partitioning, such that frequencies of one species’ 
calls differ significantly from those of heterospecifics (Littlejohn 1977, Gerhardt and 
Schwartz 1995).  For example, selection for separation of dominant frequencies within a 
species pair could allow them to breed syntopically with little acoustic interference.  This 
separation of frequencies would carry the added benefit of an increase in accurate 
identification of conspecific males by searching females.  However, such selection would 
have to overcome the correlation between body size and call frequency in these animals 
(Wells 2007).  The literature suggests this is a strategy little used by frogs (Lopez et al. 
1988, Wagner 1989) and that most mixed-species assemblages have a great deal of 
overlap in the spectral properties of heterospecific calls (Littlejohn 1977), with most 
examples of apparent partitioning of frequencies appearing no more often than expected 
by chance (Chek et al. 2003).  However, there are a few studies showing some degree of 
separation of dominant frequencies of calls (Hödl 1977, Drewry and Rand 1983). 
A third strategy is temporal separation on several timescales.  This can be 
achieved by shifting the timing of calls to avoid overlapping those of heterospecifics 
(Wells 1988, Given 1990, Gerhardt and Schwartz 1995).  This type of behavior in 
response to heterospecific interference is thought to have arisen from selection for the 
ability to avoid conspecific interference (Latimer and Broughton 1984).  Individual male 
D. ebraccatus respond to increased calling rates of conspecifics by increasing their own 
calling rate (Schwartz and Wells 1984), but they respond to D. microcephalus chorusing, 
which masks D. ebraccatus calls, by decreasing calling rates and waiting for gaps in 
which to call (Schwartz and Wells 1983).  The main objective of the current study was to 
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evaluate exactly how green frog males manage to communicate successfully, given the 
magnitude of acoustic interference and frequency overlap they encounter from bullfrogs.   
Three important characteristics of green frog interactions with bullfrogs were 
revealed by analyses of long-term recordings from the field.  First, calling behavior is 
seasonal in temperate zone frogs.  To avoid interference at this very broadest scale, males 
could shift their peak breeding activity away from the peak activity period of sympatric 
heterospecifics (Mac Nally 1979).  A change at this time scale is probably not likely to 
occur in temperate zone anurans, because they are well-adapted to an environment with 
changing abiotic factors over seasonal periods.  There is no evidence from the literature 
or from this study that green frogs have significantly shifted their breeding season to 
decrease the strong overlap with the breeding season of bullfrogs in regions of sympatry. 
Secondly, calling occurs on a daily timescale within the season, and green frogs 
could theoretically shift calling activity within the 24-hour cycle.  By concentrating their 
calling efforts into time periods in which heterospecifics are either absent or poorly 
represented in the chorus, green frogs might avoid vocal interference from heterospecifics 
(Schwartz and Wells 1983, Wiley 1994).  For bullfrogs and green frogs, the daily cycles 
of activity are the evening hours after dark and before dawn, with both species actively 
calling throughout this period with no evidence of partitioning on a diel timescale. 
These strong seasonal and diel overlaps are probably a reflection of the natural 
history of these two species and this same type of pattern is likely to be found in other, 
similarly matched temperate-zone sympatric species.  In suitable permanent ponds 
throughout overlapping areas of their native, as well as their expanded, ranges, it is 
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uncommon to find one without the other.  While there is some limited evidence that 
bullfrogs limit green frog population levels (Hecnar and M’Closkey 1997), there is no 
literature asserting that these species actively avoid breeding ponds occupied by the 
other.  The strong overlap of their preferred habitat, breeding seasons and daily activity 
cycles indicates that green frogs are potentially avoiding acoustic interference from 
bullfrogs through other, shorter-term interactions.  
These shorter-term interactions can be thought of as being on the “event scale,” 
when one individual has an event, a call, to which other individuals of both species must 
respond in some way.  They can either remain silent or interact vocally with the original 
caller.  In other words, males would avoid interference with individual heterospecifics by 
restricting calling to short periods of silence or timing calls such that they do not overlap 
with their near neighbors (Zelick and Narins 1982, Schwartz 1991), while ignoring their 
far neighbors (Wagner 1989, Owen and Perrill 1998, Bee and Gerhardt 2001, Simmons et 
al. 2008). 
The ability to recognize the signals of conspecific neighbors, at least over short 
periods of time, has been established in green frogs (Owen and Perrill 1998, Bee et al. 
2001) as well as bullfrogs (Bee and Gerhardt 2001), insects (Latimer 1981, Carlson and 
Copeland 1985, de Groot et al. 2010), fishes (Thorson and Fine 2002, Jordão et al. 2012), 
and birds (Brumm 2006, Planqué and Slabbekoorn 2007, Luther 2009).  Male green frogs 
learn their conspecific neighbors’ vocal patterns, and therefore can avoid overlapping 
with those neighbors (Owen and Perrill 1998) and improve their attractiveness to nearby 
females.  When individuals of a masked species can avoid overlapping with conspecifics, 
they also are likely to be able to avoid heterospecific masking when there is some overlap 
81 
 
 
 
in call frequencies between species (Schwartz and Wells 1983).  Evidence for this is 
found in Neotropical tree frogs that show the same response to conspecific calls as to 
filtered white noise of similar frequency (Schwartz and Wells 1983).  It is also found in 
mixed-species assemblages of tropical birds, where species that share similar frequencies 
overlap their songs far less often than those that do not share common frequencies 
(Planqué and Slabbekoorn 2007).  The present study clearly shows that in the presence of 
a calling bullfrog, green frogs maximize their signal to noise ratio by timing their calls to 
fall between those of bullfrogs such that they avoid acoustic interference.  This means 
that green frogs recognize that a bullfrog call will interfere with their own call, they 
recognize the pattern of the bullfrog call, and they also anticipate when a break in the 
calling will occur so that they can be ready to emit their own call.   
Predictable or not, background noise is always present in natural environments 
(Warren et al. 2006, Fuller et al. 2007) and some frogs do respond to gaps in noise 
quickly and accurately (Zelick and Narins 1982, 1983; Gerhardt and Schwartz 1995;  
Grafe 1996).  Given the large reproductive benefits of such an ability it seems likely that 
green frogs would be able to familiarize themselves with the sounds of nearby bullfrogs 
and then to respond to silent periods within the bullfrog call pattern.  In fact, this study 
also shows that green frogs are capable not only of inserting their calls between single-
note calls of bullfrogs but that they are clearly capable of inserting their calls between the 
notes of a multiple-note call.  This means that unless there are several bullfrogs chorusing 
and alternating calls with each other such that no gaps in noise occur, green frog males 
will be able to vocally advertise to female and male conspecifics. 
 
82 
 
 
 
Acknowledgements 
 
My dissertation committee (Kentwood D. Wells, Charles S. Henry, and Eric T. Schultz) 
gave constructive comments on this chapter and critically reviewed the statistical 
evaluation of my data.  Their efforts are much appreciated and greatly improved the 
chapter.  Equipment funding from Sigma Xi and AAUP is greatly appreciated.  Ed 
Lechowitz very kindly helped build the portable recording system for this study.  
Kentwood D. Wells, Mark J. Herrick, Jadranka Rota and Katherine Les all contributed 
many hours to field work.  Adam Wilson assisted in the statistical testing of the call data.  
The Mark Reynolds family generously allowed us the use of their property.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
83 
 
 
 
Literature cited 
Aiken, R. B. 1982. Effects of group density on call rate, phonokinesis, and mating 
success in Palmacorixa nana (Heteroptera:Corixidae). Can. J. Zool. 60:1665-72. 
Batschelet, E. 1981. Circular statistics in biology. Waltham, MA: Academic Press. 
Bee, M. A., C. E. Kozich, K. J. Blackwell and H. C. Gerhardt. 2001. Individual variation 
in advertisement calls of territorial male green frogs, Rana clamitans: 
implications for individual discrimination. Ethology 107:65-84.  
Bee, M. A. and H. C. Gerhardt. 2001. Neighbor-stranger discrimination by territorial 
male bullfrogs (Rana catesbeiana): I. Acoustic basis. Anim. Behav. 62:1129-
1140. 
Bee, M. A. and S. A. Perrill. 1996. Responses to conspecific advertisement calls in the 
green frog (Rana clamitans) and their role in male-male communication. 
Behaviour 133:283-301. 
Bremond, J. C. 1978. Acoustic competition between the song of the wren (Troglodytes 
troglodytes) and the songs of other species. Behaviour 65:89-98. 
Brooke, P. N., R. A. Alford and L. Schwarzkopf. 2000. Environmental and social factors 
influence chorus behaviour in a tropical frog: examining various temporal and 
spatial scales. Behav. Ecol. and Sociobiol. 39:79-87. 
Brumm, H. 2006. Signalling through acoustic windows: nightingales avoid interspecific 
competition by short-term adjustment of song timing. J. Comp. Physiol. A. 
192:1279-1285. 
Capranica, R. R. 1965. The evoked vocal response of the bullfrog: a study of 
communication by sound. Cambridge, MA: M.I.T. Press. 
Carlson, A. D. and J. Copeland. 1985. Flash communication in fireflies. Q. Rev. Biol. 
60:415-436. 
Chek, A. A., J. P. Bogart, and S. C. Lougheed. 2003. Mating signal partitioning in multi-
species assemblages: a null model test using frogs. Ecol. Lett. 6:235-247. 
de Groot, M., A. Čokl and M. Virant-Doberlet. 2010. Effects of heterospecific and 
conspecific vibrational signal-to-noise ratio on male responsiveness in Nezara 
viridula (L.). J. Exper. Biol. 213:3213-3222. 
84 
 
 
 
Drewry, G. E. and A. S. Rand. 1983. Characteristics of an acoustic community: Puerto 
Rican frogs of the genus Eleutherodactylus. Copeia 1983:941-953. 
Egnor, S. E. R., J. G. Wickelgren and M. D. Hauser. 2007. Tracking silence: adjusting 
vocal production to avoid acoustic interference. J. Comp. Physiol. 193:477-483. 
Emlen, S. T. 1968. Territoriality in the bullfrog, Rana catesbeiana. Copeia 1968:240-243. 
Emlen, S. T. 1976. Lek organization and mating strategies in the bullfrog. Behav. Ecol. 
Sociobiol. 1:283-313. 
Endler, J. A. 1992. Signals, signal condition, and the direction of evolution.  Amer. Nat. 
139:S125-S153. 
Fuller, R. A., P. H. Warren and K. J. Gaston. 2007. Daytime noise predicts nocturnal 
singing in urban robins. Biol. Lett. 3:368-370. 
Gerhardt, H. C. 1988. Acoustic properties used in call recognition in frogs and toads. In 
The evolution of the amphibian auditory system, eds. B. Fritzsch, M. J. Ryan, W. 
Wilczynski, T. E. Hetherington, and W. Walkowiak, 455-83. New York: Wiley. 
Gerhardt, H.C. and J. J. Schwartz. 1995. Interspecific interactions in anuran courtship, pp 
603-632. In Amphibian biology, ed. H. Heatwole, Chipping Norton, NSW, 
Australia: Surrey Beatty and Sons.  
Given, M. F. 1990. Spatial distribution and vocal interactions in Rana clamitans and R. 
virgatipes. J. Herp. 24:377-382. 
Gordon, S. D. and G. W. Uetz. 2012. Environmental interference: impact of acoustic 
noise on seismic communication and mating success. Behav. Ecol. 23:707-714. 
Grafe, T. U. 1996. The function of call alternation in the African reed frog (Hyperolius 
marmoratus): Precise call timing prevents auditory masking. Behav. Ecol. 
Sociobiol. 38:149-158. 
Greenfield, M. D. 1988. Interspecific acoustic interactions among katydids 
Neoconocephalus: inhibition-induced shifts in diel periodicity. Anim. Behav. 
36:684-95. 
Hartbauer, M., M. E. Siegert, I. Fertschai, and H. Romer. 2012. Acoustic signal 
perception in a noisy habitat: lessons from synchronizing insects. J. Comp. 
Physiol. A 198:397-409. 
85 
 
 
 
Hecnar S. J. and R. T. M’Closkey. 1997. Changes in the composition of a ranid frog 
community following bullfrog extinction. Am. Midl. Nat. 137:145-150. 
Hillis, D. M. and T. P. Wilcox. 2005. Phylogeny of the New World true frogs (Rana). 
Mol. Phylogen. Evol. 34:299-314. 
Hodl, W. 1977. Call differences and calling site segregation in anuran species from 
Central Amazonian floating meadows. Oecologia 28:351-363. 
Howard, R. D. 1978. The evolution of mating strategies in bullfrogs, Rana catesbeiana. 
Evolution 32:850-871. 
Ingranat, I. 2007. Automatic detection of Cerulean warblers using autonomous recording 
units and Song Scope bioacoustics software. Wildlife Acoustics, Inc. 
http://www.wildlifeacoustics.com. 
Ingranat, I. 2009. Automatically identifying animal species from their vocalizations. 
Wildlife Acoustics, Inc. http://www.wildlifeacoustics.com. 
Jordão, J. M., P. J. Fonseca and M. C. P. Amorim. 2012. Chorusing behaviour in the 
Lusitanian toadfish: should I match my neighbours’ calling rate? Ethology 118:1-
11. 
Latimer, W. 1981. Acoustic competition in bush crickets. Ecol. Entomol. 6:35-45.  
Latimer, W. and W. B. Broughton. 1984. Acoustic interference in bush crickets: a factor 
in the evolution of singing insects?  J. Nat. Hist. 18:599-616.   
Littlejohn, M. J. 1977. Long-range acoustic communication in anurans: an integrated and 
evolutionary approach. In: The reproductive biology of amphibians, ed. D. H. 
Taylor and S. I. Guttman, 263-294. New York: Plenum. 
Littlejohn, M. J. and A. A. Martin. 1969. Acoustic interaction between two species of 
leptodactylid frogs. Anim. Behav. 41:785-791. 
Lopez, P. T., P. M. Narins, E. R. Lewis and S. W. Moore. 1988. Acoustically induced 
call modification in the white-lipped frog, Leptodactylus albilabris. Anim. Behav. 
36:1295-1308.  
Luther, D. A. 2009. The influence of the acoustic community on songs of birds in a 
Neotropical rain forest. Behav. Ecol. 20:864-871. 
Mac Nally, R. C. 1979. Social organization and interspecific interactions of two 
sympatric species of Ranidella (Anura). Oecologia 42:293-306. 
86 
 
 
 
Narins, P. J. 1982. Effects of masking noise on evoked calling in the Puerto Rican coqui 
(Anura: Leptodactylidae). J. Comp. Physiol. 147:439-46. 
Narins, P. M. and R. Zelick. 1988. The effects of noise on auditory processing and 
behavior in amphibians. In The evolution of the amphibian auditory system. eds. 
B. Fritzsch, M. J. Ryan, W. Wilczynski, T. E. Hetherington and W. Walkowiak, 
511-531. New York: Wiley. 
Oseen, K. L. and R. J. Wassersug. 2002. Environmental factors influencing calling in 
sympatric anurans. Behav. Ecol. 133:616-625. 
Owen, P. C. and S. A. Perrill. 1998. Habituation in the green frog, Rana clamitans. 
Behav. Ecol. Sociobiol. 44:209-213. 
Planqué, R. and H. Slabbekoorn. 2007. Spectral overlap in songs and temporal avoidance 
in a Peruvian bird assemblage. Ethology 114:262-271. 
Ryan, M. J. and E. A. Brenowitz. 1985. The role of body size, phylogeny, and ambient 
noise in the evolution of bird song. Am. Nat. 126:87-100. 
Schwartz, J. J. 1986. Male calling behavior and female choice in the Neotropical treefrog 
Hyla microcephala. Ethology 73:116-127. 
Schwartz, J. J. 1991. Why stop calling? A study of unison bout singing in a Neotropical 
treefrog.  Anim. Behav. 42:565-577. 
Schwartz, J. J. and M. A. Bee. 2012. Anuran acoustic signal production in noisy 
environments. In Animal Communication and Noise. Ed. H. Brumm, pp. (in 
press), Springer, New York, New York. 
 
Schwartz, J. J. and K. D. Wells. 1983. An experimental study of acoustic interference 
between two species of Neotropical treefrogs. Anim. Behav. 31:181-190. 
 
Schwartz, J. J. and K. D. Wells. 1984. Interspecific acoustic interactions of the 
Neotropical treefrog, Hyla ebraccata. Herpetologica 39:121-129. 
Simmons, A. M. 1984. Behavioral and vocal response thresholds to mating calls in the 
bullfrog Rana catesbeiana. J. Acoust. Soc. Am. 76:676-681. 
Simmons, A. M. 2004. Call recognition in the bullfrog, Rana catesbeiana: Generalization 
along the duration continuum. J. Acoust. Soc. Am. 115:1345-1355. 
Simmons, A. M., J. A. Simmons and M. E. Bates. 2008. Analyzing acoustic interactions 
in natural bullfrog choruses. J. Comp. Psych. 122:274-282. 
87 
 
 
 
Taigen, T. L. and K. D. Wells. 1985. Energetics of vocalization by an anuran amphibian 
(Hyla versicolor). J. Comp. Physiol. B. 155:163-170 
Thorson, R. F. and M. L. Fine. 2002. Crepuscular changes in emission rate and 
parameters of the boatwhistle advertisement call of the gulf toadfish, Opsanus 
beta. Envir. Biol. Fishes 63:321-331. 
Wagner, W. E. 1989. Graded aggressive signals in Blanchard’s cricket frog: vocal 
responses to opponent proximity and size. Anim. Behav. 38:1025-1038. 
Warren, P. S., M. Katti, M. Ermann and A. Brazel. 2006. Urban bioacoustics: it’s not just 
noise. Anim. Behav. 71:491-502. 
Wells, K. D. 1977a. Territoriality and male mating success in the green frog (Rana 
clamitans). Ecology 58:750-762. 
Wells, K. D. 1977b. The social behaviour of anuran amphibians. Anim. Behav. 25:666-
693. 
Wells, K. D. 1978. Territoriality in the green frog (Rana clamitans): Vocalizations and 
antagonistic behavior. Anim. Behav. 26:1051-1063. 
Wells, K. D. 1988. The effect of social interactions on anuran vocal behavior. In The 
evolution of the amphibian auditory system. eds. B. Fritzsch, M. J. Ryan, W. 
Wilczynski, T. E. Hetherington and W. Walkowiak, 443-454. New York: Wiley. 
Wells, K. D. 2007. The ecology and behavior of amphibians. The University of Chicago 
Press, Chicago. 
Wells, K. D. and J. J. Schwartz. 2006. The behavioral ecology of anuran communication. 
In Hearing and sound communications in amphibians, Springer handbook of 
auditory research, eds. P. M. Narins and A. S. Feng, 44-86. New York: Springer. 
Wiewandt, T. A. 1969. Vocalization, aggressive behavior and territoriality in the 
bullfrog, Rana catesbeiana. Copeia 1969:276-285. 
Wiley, R. H. 1994. Errors, exaggeration, and deception in animal communication.  In 
Behavioral mechanisms in evolutionary ecology, ed. L. A. Real, 157-189, 
Chicago, IL: University of Chicago Press. 
Zelick, R. D. and P. M. Narins. 1982. Analysis of acoustically evoked call suppression 
behavior in a Neotropical treefrog. Anim. Behav. 30:728-733. 
88 
 
 
 
Zelick, R. D. and P. M. Narins. 1983. Intensity discrimination and the precision of call 
timing in two species of Neotropical treefrogs. J. Comp. Physiol. A 153:403-412. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
89 
 
 
 
Figures 
 
 
Figure 1: Waveforms of single-note Rana clamitans and Rana catesbeiana 
advertisement calls.  Each call was recorded from a single male at Caleb’s Pond in 
Lebanon, Connecticut.  Recordings made in May 2006.  Each typical advertisement note 
for Rana clamitans is approximately 0.07 to 0.43 seconds long with a frequency range of 
250-3200 Hz.  Rana catesbeiana advertisement notes are approximately 0.3 to 0.6 
seconds long with frequencies ranging between 200 and 4000 Hz. 
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Figure 2: Example of a typical bullfrog chorusing event over an 8 second period with 
few gaps in noise.  Three bullfrogs participated in this example chorus.  Chorus recorded 
in May 2006 on Caleb’s Pond, Lebanon, Connecticut. 
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Figure 3: Rana catesbeiana and R. clamitans call activity each week of the 2006 
breeding season.  BF = Bullfrog and GF = Green frog. Activity is defined as the average 
daily number of calls for each species per week normalized to the number of hours 
recorded each day.  Only days with at least 20 hours of continuous recordings (54 days in 
2006) were used for this plot.  Bullfrogs reached peak activity earlier than green frogs    
(p < 0.0001). 
 
Figure 4: Rana catesbeiana and R. clamitans call activity each week of the 2007 
breeding season.  Activity is defined as the average daily number of calls for each species 
per week normalized to the number of hours recorded each day.  Only days with at least 
20 hours of continuous recordings (23 days in 2007) were used for this plot.  There was 
no difference in timing of peak calling in 2007 (p = 0.088). 
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Figure 5: Rana catesbeiana and R. clamitans call accumulation by week for the 2006 
breeding season as an estimate of calling effort.  Activity is defined as the average daily 
number of calls for each species per week normalized to the number of hours recorded 
each day.  Only days with at least 20 hours of continuous recordings (54 days in 2006) 
were used for this plot.   
 
Figure 6:  Rana catesbeiana and R. clamitans call accumulation by week for the 2007 
breeding season as an estimate of calling effort.  Activity is defined as the average daily 
number of calls for each species per week normalized to the number of hours recorded 
each day.  Only days with at least 20 hours of continuous recordings (23 days in 2007) 
were used for this plot.   
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Figure 7: Hourly calling rate for the 2006 breeding season, scaled per species.  Each arm 
is marked for a 24-hour clock with the center of clock indicating zero calls and the outer 
edges of the distributions representing relative number of calls per hour.  Only days with 
at least 20 hours of continuous recordings (54 days in 2006) were used for this plot.  
While there were no periods of the evening in which bullfrogs were quiet and green frogs 
were active, mean time of day for peak calling activity was significantly different 
between the species (p = 0.025).   
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Figure 8: Hourly calling rate for the 2007 breeding season, scaled per species.  Each arm 
is marked for a 24-hour clock with the center of clock indicating zero calls and the outer 
edges of the distributions representing relative number of calls per hour.  Only days with 
at least 20 hours of continuous recordings (23 days in 2007) were used for this plot.  
There were no periods of the evening in which bull frogs were quiet when green frogs 
were active and mean time of day for peak calling activity was not different between the 
species (p = 0.839). 
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Figure 9: Sample 30-sec period of Rana clamitans avoiding overlapping calls with R. 
catesbeiana on 27 May 2007.  Call onset time and duration for each species over the 
period were separated by species.  Each tenth of a second was scored as “true” if a call 
was heard during that tenth of a second or “false” if no one was calling.  When the scores 
were then compared, call overlap avoidance on the event scale becomes clear.  In this 
figure, green frogs overlap a bullfrog call only once and it appears the masked call was 
emitted at the same time as the bullfrog call.  All other green frog calls fall within gaps of 
bullfrog noise. 
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Figure 10: Ninety-second example of bullfrog chorusing event showing green frog calls 
(indicated with arrows) inserted without overlapping bullfrogs. Shaded arrows indicate 
multi-note green frog calls. 
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Figure 11: Results of 2500 randomizations of green frog versus bullfrog calling activity.  
Each distribution curve represents the percent of time that green frogs would be expected 
to overlap bullfrog calls if overlaps occur randomly.  The arrows represent the observed 
percent of time green frogs overlapped bullfrogs in 30-minute periods over ten different 
days.   
 
 
 
